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Foreword 

This volume is the mconii in- the series of research monographs 
recently begun by the National Institute on Alcohol Abuse and 
U ^sm ; rh.sLr.es sets forth current information on a number 
;tro P ts relevant to alcohol abuse, and alcoholism . as reported 
trough workshops in research, prevention and treatment a, well 
as through state-of-the-art reviews on selected jubjecte. 

This monograph is also the second one based on a research 
v hon sDonsored by NIAAA. The mam purposes for sup- 
Erring resSch workshops are to disseminate newly -cquaed 
Kn 2l! uncover new research opportunn.es, lo st™ 
fate resh' ideas for study, .and to attract the best sc.ent.stj 
into alcoholism research. I believe that this «^™^jW h 
serial enhances the prospects that these purposes will be achieved^ 
MucTht already been accomplished by gathenng ttj 
a-oub of scientists at the research workshop on Alcohol and 
Ei': recent findings have been presented to and shared w. h 
dthe scientists in open forum; and discussions have yielded a or 
caf examination of these findings and have suggested new stud.es 
af a ESal extension of these data. It is too early to determ.ne 
S^Solism research community ha, been inched as aresutt 
of this workshop. The publication of the proceedings of th» w>rk 
shoo wm further extend what already has been accomplished by 
SdTng Written record of the workshop and broa^caat.ng ; th» 
Sco d fi beyond the immediate time and place of the workshop 



itself. 



Albert A. Pawlowski, Ph.D. ' . 

National Institute on Alcohol Abuse and Alcoholism 
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Introduction 



In September of 1977, the National Institute on Alcohol 
'Abuse and Alcoholism held a workshop on the interrelations of 
alcohol and nutrition* This volume represents the proceedings of 
that workshop. 

The importance of this subject = to ..alcoholism and alcohol- 
derived diseases is clear. Alcohol is ingested primarily because 
of its psychopharmacologic effects. However, it exerts effects 
upon the nutiltional health of the consumfr through the con- 
( tribution of its own caloric content and through its disruptive 
'effects on gastrointestinal function, nutrient absorption, vitamin 
activation and elimination, mineral and fluid electrolyte balance, 
energy* and carbohydrate, lipid, and protein metabolism, The 
caloric content of? alcohol is substantial— 7,1 cal/gram. A con- 
sumer of 20 ounces of 86-proof beverage derives from this 1,500 
J> calories, or one-half to two-thirds of his or her daily caloric 
needs, Economic factors and impaired appetite can further con- 
tribute to deficient nutrient intake, An added complication is 
the phenomenon of energy wastage: the observation that healthy, 
nonalcoholic individuals lose weight on an adequate diet which 
contains alcohol as 36 percent of total calories. 

The nutrient value of the calories derived from alcoholic bever- 
ages is poor. Some investigators have termed these "empty cal- 
ories," owing to the absence of significant protein, vitamin, or 
mineral content in such beverages* 

This vf>|nfpft also ad dresses the subj ect of alc ohol metabolism 

and important questions related to the effects nutrition may have 

*iri altering Enz yme and co-factor levels in the pathways of alcohol 
oxidation, . j 

An adequate understanding of the nutritional consequences of 
alcoholism is fundamental for knowledge development in all of 
the biolofpeal disciplines attacking the problems of alcohol abuse 
and alcoholism. As such,it is hoped that this volume will be useful 
to pharmacologists and behayorial scientists, as it will be to physi- 
f ologists, biochemists, and nutritionists, 

^ Kenneth R, Wtti^en, Ph,D. 

, National Institute on Alcohol Abuse' and Alcoholism 
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Section I: Effects of Alcohol on Nutrition 
and Gastrointestinal Functions 

Dr. Smith emphasized that although overt nutritional exogenous 
deficiencies have nearly been eliminated in the United States, 
marginal and conditioned nutritional inadequacies are still 
prevalent. The traditional methods for assessing nutritional states 
are often insensitive, hdwever, so new approaches must be de- 
veloped to detect these marginal and conditioned deficiencies. 
Establishing "normal values" for these states is also an important 
problem, Mo^ precise guidelines for interpreting laboratory tests 1 
must be established* 

Since the turn of the century, food consumption trends in the 
United States indicate a marked alteration in our intake of certain 
foodsr- we eat more refined sugars, processed foods, and fats and 
©Us and less flour and cereal products, Fats and oils cannot be 
depended upon as major sources of fat-soluble vitamins, and they 
are extremely poor sources of trace elements. Data from the First 
Health and Nutrition Examination Survey (HANES I), conducted 
in 1971-72, indicate that a substantial segment of the American 
population has a substandard intake of certain nutrients^ 
particularly iron, vitamin A, calcium, and trace elements such as 
zinc. Factors that produce conditioned nutritional inadequacies 
include dietary chelators, drug ingestion, aid alcohol abuse. 
Alcohol abuse is the most common- cause of vitamin and trace 
element deficiency in adults in the United States. Alcohol abuse 
also leads to inefficient use of energy. •— ' — — • 

Dr. Lieber reviewed the complex interaction between alcohol 
* and rfUtrition. Alcohol abuse Iqads to primary malnutrition (i.e., 
deficient intake) and secondary malnutrition (i.e„ deficient 
nutrient utilization)* Alcoholic beverages ^provide "empty" calo- 
ries because, ethanol does not * contain significant amounts of 
protein, vitamins, or minerals, A person who drinks 20 ounces of 
an:, 86-proof beverage consumes about 1,500 empty calories— 
one-half to two-thirds of the normal daily caloric requirement, 
Thus intake of other foods decreases, and daily nutrient ingestion 
becomes grossly im^f^"^ Tn addition toihisjarphtegu economic 
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factors and impaired appetite (caused by gastrointestinal and liver 
disorders) also contribute to deficient nutritional intake. 

Secondary malnutrition is also caused by multiple factors : 
ethanol-induced gastrointestinal damage, deficiency-induced mal- 
digestion and malabsorption, decreased activation or increased 
inactivation of nutrients, and energy wastage, Recognition of 
energy wastage due to alcohol consumption is a new finding in 
experimental animals and in human studies. Human nonalcoholic 
subjects placed on an adequate diet, but who received 36 percent 
of their total calories in ethanol, consistently lost weight even 
though no decrease in absorption of energy-containing substances 
was observed. The mechanism responsible for energy wastage due 
to alcohol consumption is not yet known, Experimental data 
indicate that either the induction of the microsomal ethanol- 
oxidizing system (MEOS) or the activation of Na + -K + ATPase, or 
both, may be causally linked to energy wastage. 

Dr. Lieber also reviewed the pathogenesis of alcoholic liver 
disease. In the baboon, chronic alcohol feeding in the presence of 
otherwise adequate diet produced the sequential development of 
fatty liver, alcoholic hepatitis, and cirrhosis, 

Dr* Dietschy presented an elaborate formulation of the general 
types of transport involved in the movement of solutes across 
biological membranes and across the gut in particular. He discussed 
the characteristics of passive and active transport, with special 
emphasis on so lute . ihtferac tio n , membrane polarity, and diffusion 
barkers (particularly the unstirred water layer). Alcohol could 
alter transport of a given substrate by altering the unstirred layer 
resistance, changing gut permeability, or affecting active transport. 

Dr. Shanbour discussed the effects of alcohol on the function of 
the key digestive organs: stomach, pancreas, liver, and small 
intestine. Studies in her laboratory on isolated dog stomachs 
showed that 20-percent ethanol decreased gastric acid secretion by, 
one-third, inhibited active transport of various ions, and decreased 
gastric mucosal adenosine triphosphate (ATP), Isolated rat pan- 
creas preparations showed that ethanol inhibits bicarbonate and 
water output; this inhibition is associated with a fall in pancreatic 
ATP but not in cyclic adenosine monophosphate (AMP) content. 
Again it was postulated that the decrease in ATP may be the 
mechanise by which alcohol impairs, pancreatic function. In the 
area* of the liver, alcohol given orally (but not intravenously) in? 
creased hepatic cyclic AMP but did not alter ATP levels. Glucagon 
qtimnla*H b^pafir cyclic AMV^ihin^ff^r-w^^-f^t^^nt^hy-- 
alcohol. Thus, oral alcohol may exert its effect on hepatic nucleo- 
tides via gut hormones (i.e., glucagon and secretin) or via enhanced 
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hepatic sensitivity to them. Finally, Dr. Shanbour commented on 
the effects of alcohol on the jejunum. Using an Ussing chamber, 
which neiftralizes electrochemical gradients, across the pit, it was 
shown that 3-percent ethanol decreased the active transport of 
Na + , 3<?*methylglucose, and L-alanine to less than 50 percent of 
pre=ethanol values. 

Section II: Effects of Alcohol on Mineral Metabolism 

Dr. Vallee provided an overview of the rapidly developing field 
of zinc biochemistry, Zinc is a dietary essential. In recent years, 
several zinc deficiency syndromes have been defined in humans. 
These deficiencies include growth failure , hypogonadism , and aero- 
dermatitis enteropathica; all are amenable to zinc therapy. Zinc 
deficiency also appears to be a problem in patients with alcoholism 
and/or cirrhosis; however, the benefit of zinc therapy has not yet 
been evaluated in controlled clinical trials with alcoholic patients. 

/ There are presently 92 known zinc metalloenzymes and metallo- 
proteins. The metalloenzymes participate not only in carbo- 
hydrate, protein, and nucleic acid metabolism, but also in alcohol 
metabolism. At the molecular level, zinc appears to function in 
two ways: as an essential component.of enzymie catalysis ind as a 
/determinant in the structural configuration of certain nonenzymie 
macromoleeules. Recent advances in zinc biochemistry include 
the characterization of human alcohol dehydrogenase isoenzymes 
(see later; Bosron and Li) and the finding that adequate zinc nutri- 
ture is required for the activities of DNA and UNA polymerases 
and reverse transcriptases (see later: Falchuk). 

Dr, Falchuk reported on recent studies of the metabolic effect 
of zinc deprivation GnJSugfena gracilis. This eukaryotic organism 
exhibits growth arrest when the zinc content in the medium is de- 
creased to <1CT 7 M. A number of striking biochemical changes 
follow: cellular DNA content doubles, cell volume increases, 
protein content and 3 H-uridine incorporation into RNA both de- 
crease, certain unusual proteins accumulate, and the cellular 
, content of Mn, Mg, Ca, Fe,\Ni, Cr, and Cu increases. By using 
synchronized cell .populations and flow cytofluorometry, it is 
found that the biochemical processes essential for cells to pass 
from G 1 into S, from S to G 2 , and from G 2 to mitosis depend on 
the presence of zinc; its deficiency blocks all three phases of the 
growth-cycle of- E—gracili$7 -Zinc is essential -forthe function of . 
DNA polymerase, and it is also required for RNA metabolism* 
Whereas two DNA-dependent RliA polymerases, I and II (each 
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contains two r \oxns of zinc per molecule of enzyme), are found in 
zinc-sufficient E, gracilis, a single, unusual RNA polymerase (also 
containing zinc) is present in the zinc-deficient organism, This 
major change in the RNA polymerases, induced by zinc deficiency, 
results In a doubling of the content and in a profound alteration in 
the base composition of the mRN A in the zinc-deficient cells. These 
findings in E. gracilis clearly illustrate the importance of zinc nutri- 
ture in the translation of information from the genome into proteins, 
Dr. Prasad reviewed the clinical syndromes of zinc deficiency in 
man. The best documented syndromes are the hypogonadal 
dwarfs in Iran an^ Egypt, congenital acrodermatitis enteropathica,* 
and acquired forms of acrodermatitis enteropathica(e,g M secondary 

5 to prolonged total parenteral alimentation), Zinc therapy in these 
instances results in dramatic cure. 

The present understanding of zinc deficiency, conditioned by 
alcohol abuse and alcoholic liver disease, is fragmentary and some- 
what speculative. The laboratory criteria for the diagnosis of zinc 
deficiency have not been unequivocally established. Plasma zinc, 
erythrocytic zinc, hair zinc, urinary zinc, and salivary zinc are use- 
ful indexes, but each has oitfalls. 

Abnormal zinc metabolism, which occurs in patients with alco- 
holic cirrhosis, was first described by Dr.* Vallee. The abnormal 
features include low serum zinc, decreased hepatic zinc, and, 
paradoxically, hyperzincuria. Although these observations have 
now been corroborawd in many laboratories, whether low serum 
zinc and decreased hepatic zinc are pathognomonic of zinc de- 
ficiency is uncertain, Kinetic studies with 65 Zn in cirrhotics 
indicate a diminished i.ooi size, but a careful metabolic balance 

: study of zinc in cirrhotics has not yet been performed. The 
spectrum of alcoholic liver diseases varies physiologically and bio- 
chemically^ irom minimal aberration of f unction to severe func- 
tio nal impilrmen t. Yet there have been no studies of zinc metab- 
olism in the alcoholic patient that address this point. At present, 
the > critical test for zinc deficiency in humans is a definitive 
clinical response to zinc supplementation under controlled condi-. 
tions. However, with the innumerable metabolic and clinical mani- 
festations in liver disease, it has been difficult to define the specific 
abnormality benefited by zinc therapy, r 

The critical question is "How does zinc work?" Does it work in 
a general way and thereby iinprove^the general well-being and^per- 
haps, the survival of alcoholics witfi and without liver disease? Or, 

— does- it -work~nn- a- specific manner, -such— as-by improving drug 
metabolism, correcting the metabolic defects in hepatic coma, or 
rectifying night blindness "and aberrations in taste and smell? 
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Dr. Beard, who summarized the current state .of knowledge 
about the effect of ethanol on Mg 2+ metabolism, emphasised that 
careful balance studies are critical to further understanding of the 
interrelationship between ethanol and Mg 2+ metabolism, Mg 2 * in 
the body is compartmentalized in bone, skeletal muscle, and 
extracellular spaces. Mg 2+ is ubiquitous in just about all known 
foodstuffs; deficiency due to dietary inadequacy is difficult to 
produce. About 30 to 40 percent of the Mg 2+ ingested is absorbed 
by the gastrointestinal tract. Fractional Mg 2+ absorption varies 
with intake; i,e_, with increased intake, absorption decreases, Mg 2 t 
is excreted mainly by the kidneys. Thus, to study the effect of 
ethanol on Mg 2+ metabolism, its effect on the compartmentaliza- 
tion of Mg 2+ must be defined, 

* What is the mechanism of the acute increase in serum magne* 
sium andt increased urinary excretion following the ingestion of 
„ alcohol? What are- the mechanisms involved in producing the 
sudden reduction of serum Mg 2+ following abstinence from 
alcohol? Finally, what would-be , the effect of given deficits or 
shifts in the distribution of M^g 2+ otf cellular intermediary 
metabolism? 

The next area for discussion was opened by Br, Knochel who 
presented information on the pathogenesis and the effect of 
phosphate depletion in the alcoholic patient, Hypophosphatemia, 
associated with the administration of nutrients without adequate 
phosphorus supplementation, may not occur until 4 or 5 daya 
after admission to a hospital. Hypophosphatemia is not necessar- 
ily diagnostic of phosphorus deficiency^ because it may be the re- 
sult of respiratory alkalosis without phosphorus deficiency. 
Moreover, severe phosphorus deficiency, as evidenced by a mark- 
edly lowered muscle pWbsphorus content, may exist in the face of 
a normal serum phosphorus concentration, Hypophosphatemia 
commonly occurs in association with a sharp rise in creatine 
phosphokinase activity in serum, and, in this instance, phosphorus 
deficit may exceed 500 mmoL The pathogenesis of phosphorus 
deficiency in the alcoholic patient is multifactorial; this deficiency 
stems from inadequate dietary intake vomiting and diarrhea, 
magnesium deficiency, deranged vitamin ID metabolism, hyper-' 
calcitoninemia, and metabolic acidosis. In addition, administration 
of nutrients, infusion of fructose, acute respiratory alkalosis, and 
hyperinsulinism may compound phosphorus deficiency by pro- 
ducing acute hypophosphatemia. Phosphorus, deficiency and 
hypophosphatemia may result in serious consequences: osteo- 
malacia; myopathy; rhabdomyolysis; impairment of erythrocytic, 
leukocytic, and platelet function; hemolysis; renal tubular lesions; 
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neurological impairment; myocardial insufficiency; and hepato- 
cellular dysfunction, 

* Dr, McDonald described her recent metabolic balance studies 
on the effect of ethanol on mineral metabolism in humans* Six 
healthy, male, nonalcoholic volunteers participated in these experi- 
ments, which consisted of one 3-day equilibrium periocJ followed 
by four 18-day experimental periods/ Each man served as his own 
control. In a randomized block design, wine, dealcohdlized wine, 
ethanol, and deionized water were individually .consumed with 
meals in each experimental period. Caloric intakes were adjusted 
for each experimental period to keep body weight constant, Dur- 
ing the alcohol periods, the blood ethanol level of the subjects was 
20 mg% 1 hour after a meal; no alcohol could be detected 8 hours 
postprandialiy* The effects xtf wine, dealcoholized wine, ethanol, 
and deionized water on Na + , K + , Ca 2+ , P, Mg2+, Zn 2+ , and nitro- 
gen excretion and balance are shown in table 1 . These date indicate 
that wine and ethanol differ in their effects on mineral balance 
and that constituents' in wine other than ethanol also affect # 
mineral balance, , 

a 

Table 1. The Effect of Wine, Dealcoholized Wine, Ethanol, and 
Deionized Water on Mineral Excretion and Balance-* 
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As shown in table 1, ethanol increases Mg 2 * excretion in feces. 
e However, the balance measurements in the studies performed by 
Dr. McDonald did not provide any definitive information on Mg 2+ 
metabolism because all the subjects exhibited negative Mg 2+ bal- 
ance with all the drinking solutions. 

Section III: Effects of Alcohol on Vitamin Metabolis m _ 

a - ^ " 

Dr. Halsted described the results of a study of +he effects of 
prolonged (3 to 6 months) oral administration of alcohol, account- 
ing for 50 percent of the total calories, to macaque monReys. 
Effects on hepatic histology, serum markers such as serum glutamic 
oxaloacetic transaminase (SGOT) of hepatic injury, liver and 
erythrocyte _ folate levels, and intestinal" folate . absorption were 
analysed. The liver showed evidence of damage, with increased fat 
deposition, early collagen in the space of Disse, and mitochondrial 
injury accompanied by increasing SGOT levels* Hepatic folate 
concentration and the quantity present "as methylated folate de- 
creased in the ethanol-fed animaiss but gut mucosa and erythro^ 
cyte folate remained normal* There was.no evidence of anemia, 
There was indirect evidence of impaired folate absorptiopi in the 
ethanol-fed baboons. Dr* Halsted emphasized the need for further 
assessmenf of hepatic status and folate absorption as well as folate 
tissue levels in more prolonged states of controlled alcohol feeding 
to these subhuman primates. This animal model lends itself to 
various modifications of experimental design to assess the inter- 
relationship of alcohol and nutritional deficiency, 

. Dr. Hillman discussed the possible mechanism(s) whereby 
alcohpl acutely depresses serum folate, This phenomenon is unre- ' 
lilted to methodologic artifacts or the presence of folate binders in 
plasma. Using labeled folate ( 3 H-pteroyl-glutamic acid and 
14 C methyltetrahydrofolic acid), it was shown that, normally, 
these compounds are taken up rapidly by the liver, The pteroyl* 
glutamic acid is reduced and methylated to methyltetrahydro- 
folate monoglutamate in liver and to some extent (15 to 20 
f 'percent) to the pen taglutomate form. On the other hand, the 
methyltetrahydro folate is not incorporated into the hepatic folate 
pool and is not excreted in bile. The excreted methyltetrahydro* 
folate enters an enterohepatic cycle, which has a half -life of about 
6 hours. Thus, enterohepatic circulation of folate is important in 
controllirig serum folate levels, 

In folate deficiency, Dr, Hillman reported, the hepatic storage 
of folate is decreased, and the enterohepatic cycle is increased. 
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Teleologically, this would tend to maintain the level of serum 
5 folate. Alcohol, on the other hand, causes a major shunting of 
pteroylglutamic acid into the pentaglutamate liver stores. This re- 
. suits in a major decrease in biliary folate output and might explain 
the lowering of serum folate with alcohol. The mechanism of this 
. effect of alcohol is still uncertain, 

Dr, Wagner discussed the normal uptake, of folate by isolated 

9 1 rat hepatocy tes and presented some preliminary data on the effect 

■ of alcohol on this process. : Folate, in the form of 5-methyltetra- 
hydrofolate— the niajor form of the vitamin in human plasma— is 
taken up by the liver by a saturable, coneentrative process, but 
this is competitively inhibited by various folate analogs and by 
substances that interfere with energy production, At least 80 per- 

s cent of the 5-methyltetrahydro folate in liver is unchanged and 
unbound after 9 0 minutes of incubation. Increased uptake of 
folate with the administration of sodium azide could be explained 
by inhibition of efflux, resulting in greater hepatic net flux. 
Alcohol % (40 mM added in vitro) stimulated folato uptake by the 
hepatocy tes. This stimulation was noted only after 20 minutes of 
incubation and was greatest after 40 minutes, A metabolite of 
alcohol, possibly acetaldehyde, could be responsible for this 
effect. The increase in folate influx into liver cells with alcohol 
exposure could be due to inhibition of its efflux,, but further 
studies are needed to establish this as fact, 

Dr. Hoyumpa discussed the current status of intestinal transport 
of thiamine, a vitamin often deficient in alcoholics. He first 
characterized normal thiamine transport, which seems to be 
bimodal. At low concentrations (<1.0 juM)* which are^probably in 
the physiological range of normal thiamine intake, transport ap- 
pears to be saturable, inhibited by metabolic antagonists, sodium- 
dependent, and mediated by a carrier. At higher concentrations, 
thiamine transport is passive, Alcohol, given orally as a single 50 
to 750-mg/100 g body weight dose or added in vitro at a concen- 
tration of 2.5 percent to gut sacs, inhibited the active (but not the 
passive) transport of thiamine. This effect appeared to be localized 
to "the exit step of thiamine from the tissue across the gut serosa 
and correlated with a decrease in Na-K-dependent ATPase in the 
9 basolateral membrane of the intestine, Chronic oral alcohol ad- 
ministration aver 6 to 8 weeffs with blood alcohol levels under 
100 Mg% had no effect on intestinal thiamine transport, the 

5 Na-K ATPase' activity, or tissue levels of thiamine pyrophosphate, 
" Addition of an acute dose of alcohol reproduced the findings 
described earlier and raised blood alcohol levels to about 185 mg%, 
Dft Hoyumpa concluded by emphasizing the need for further 
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definition of intracellular events of intestinal thiamine transport 
such as phosphorylation and protein binding, 

JDr, Lujneng discussed the problem of vitamin Bg deficiency in 
chronic alcohol abuse and reviewed the present knowledge of the 
nature of this abnormality, In alcoholics, abnormally lowered 
serum folate is most prevalent, followed by low levels of vitamin 
Bg and thiamine. The incidence of low plasma py rid oxal phosphate 
is greater than 80 percent in patients with alcoholic cirrhosis and 
about 50 percent in those with normal liver histology. Recent 
studies indicate that pyridoxal-phosphate- is the major Bg vitamer 
in plasma and that the measurement of plasma pyridoxal phosphate 
is a reliable and sensitive indicator of vitamin Bg undernutrition 
and vitamin B 6 storage. In the normal metabolism of vitamin Bg, 
the cont ent of pyridoxal phospha te in tissues (e p , eryt hmryit**- 
and liver) is governed conjointly by protein binding and by hy- 
drolysis of this coenzyme when it is synthesized in excess of the 
binding capacity . 

Experimentally, it has been shown that ethanol oxidation lowers 
hepatic - pyrijdoxal phosphate. The mechanism is mediated by 
acetaldtehyde, which acts by displacing pyridoxal phosphate from 
protein binding, thereby increasing the availability of free pyridoxal 
phosphate for hydrolysis* The aiet effect of ethanol oxidation and 
acetaldeh jde action is the, promotion of pyridoxal phosphate deg- 
radation, It is important to remember that, in both acute and 
chronic liver diseases, the degradation of plasma pyridoxal phos- 
phate is accelerated , 

Br, Rudman outlined normal carnitine formation, derived 

_________ -i ^ 

either from ingested carnitine or synthesized in the liver from 
lysine after methionine. He presented , evidence from a nutritional 
survey as' well as from metabolic balance studies* that cirrhotics 
with severe liver "disease may exhibit major carnitine deficiency; 
these data correlate with various indexes of poor nutrition as well 
as with tests of liver dysfunction such as serum bilirubin 6 arid 
prothrombin time, * " 

Carnitine deficiency may be present in as many as 30 percent"of 
hospitalized, cirrhotics. Part of this deficiency is due to poor intake 
of dietary carnitine,, as well as of its precursors lysine and methi- 
onine. However, even when adequate amounts'of these two amino 
acids are provided, the diseased liver is unable to synthesize 
carnitine at a normal rate, Thus carnitine deficiency *in cirrhotics 
may be due to anorexia with poor dietary intake, to a lowprotein 
diet deficient in carnitine and its precursor amino acid_ffor to im- 
paired hepatic synthesis of carnitine. Dr. Rudman speculated that 
carnitine deficiency may have clinical relevance with regard to the 
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neurological ant! myopathic syndromes observed in some cirrhotics, 
although this has not yet been firmly established, 

Section IV: Effects of Alcohol on Protein 
and Amino Acid Metabolism 

Dr. Lieber and Dr. Hsu discussed the current status of plasma 
a~amino-n-butyric acid (AANB) and leucine levels as indexes of 
chronic alcoholism. In rats, baboons, and humans, chronic heavy 
alcohol consumption results in elevation of the AANB level in 
plasma and liver. Protein restriction leads to a decreasejnjlfisjna^ 
AANB level, so it is n^cessaryjoj^LpA acids as a 

_M|fgrfince-base7 fa^iMOIgard, plasma leucine level is used because 
* it reflects dietary protein intake. Although the plasma AANB/ 
leucine ratio was used 'earlier, this relationship is not linear over 
the entire range of leucine values. Thus, the use of this ratio is 
now replaced by experimentally derived curves. Using these 
rurves, one can detect approximately SO percent of active alco- 
holics sampled within 7 days of drinking, with only a 2-percent 
false-positive result among controls. This test is more sensitive 
than measuring blood alcohol level* Moreover, blood alcohol level 
does not distinguish acute from chronic alcohol consumption, 
AANB is as sensitive as, but much more specific than, plasma 
7-glutamyl transpeptidase activity, 

Dr, Rothschild discussed the effect of ethanol and acetaldehyde 
on hepatic albumin synthesis in both the fed and fasted states, 
Acute ethanol administration results in disaggregation of the 
endoplasmic membrane-bound polysome, decreased urea forma- 
tion, decreased albumin synthesis, and reduced synthesis of other 
proteins/ In liver of fed animals, these effects of ethanol can be 
.reversed by administration of a number of amino acids, as well as 
by administration of polyamines. 

In liver from fasted animals, the combined stresses of starvation 
and ethanol cause more severe changes. Not only do the endo- 
plasmic membrane-bound polysomes become disagpegated, but 
the free polysomes are^ also disaggregated. It is possible that the 
aggregated free polysomes are. responsible for the synthesis of the 
pre- or propeptide, and the latter initiates attachment of the 
ribosome to the endoplasmic membrane to form the albumin 
destined for export. In liver, from fasted animals, the addition of 
amino acids and poly amines is less likely to reverse the deleterious 
effects of ethanol. 

, Dr, Rothschild has also studied the effect of acetaldehyde oh 
these steps 4n albumin synthesis, but acetaldehyde does not 



reprcSfuce the changes mediated by ethanoL Therefore, the dele» 
terious effects of etEanol must be explained by metabolic sequences 
of alcohol oxidation other than the generation of acetaldehyde, 

Section V: Alcohol Metabolism: Including the Ef fects 
of Chronic Alcohol Ingestion and Nutritional States - 

Dr, Cornell presented a paper on the rate - determining factors 
for ethanol oxidation in rats in vivo and in isolated rat hepatocytes* 
He pointed out that the rate of ethanol metabolism in rats in vivo 
is about 3 jumol/min/g liver* This^ate=is=^^ser^ed^ithJsolated^ 
hepatocytes from fed and 48-hour starved ratg, provided that 
lactate or pyruvate is also added as a substrate, In the absence of 
lactate or pyruvate, hepatocytes from starved rats oxidize only 
0.75 ^mol of ethanol/min/g and cells from fed rats exhibit a rate 
of 1*9 /umoj/min/g. The effect of lactate and pyruvate is not due 
to increased ATP utilization for glucose synthesis; instead, lactate, 
and pyruvate replenish intermediates required for the malate= 
aspartate hydrogen shuttle in the isolated cells" Dr* Cornell em- 
phasized that, although the malate-aspartate shuttle may be rate 
limiting for ethanol oxidation in isolated hepatocytes under some 
conditions, this effect is probably not the case in vivo, Alcohol 
dehydrogenase is present in rat liver at 1,5 times the activity re- 
quired^to account for the rate of ethanol oxidation in vivo, sug- 
gesting that the level of alcohol dehydrogenase can be a major 
rate ^determining factor, Br, Cornell has determined* the kinetic 
properties of the rat liver 5 alcohol dehydrogenase and has calculated 
the rate of ethanol elimination based on the steady-state rate 
equation for an ordered bi-bi reaction mechanism. Indeed v the 
calculated rates are similar to those observed in vivo* Dr* Cornell 
therefore concluded that, in vivg ? the rate of ethanol elimination 
in the rat is determined in a significant waf by the amount of 
alcohol dehydrogenase in liver, 

Dr, Bosron also presented data indicating that the level ol 
alcohol dehydrogenase in liver is not in large excess, Additionally, 
hepatic alcohol dehydrpgenase activity ^decreases rapidly with 
fasting; the amount* of decrease is as much' as 50 percent. The 
relationship of hepatic alcohol dehydrogenase activity and alcohol 
elimination in-vivo -during fasting is being investigated* 

Dr. Kulkosky preienteff"aatff^indicating ^ jhat the maximal 
ethanol intake in rats is determined by the hepafic alcohoLdehy- 
drogenase activity. Ethanol intake can be maximized by addinip 
saccharin and NaCl to the alcoh£lji^uti6n44h#=^^ in 
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rats is .about 7 to 8 g/kg/d. Ttjis is the same as the ethanol meta- 
bolic capacity of 8 g/kg/d calculated from Dr. Cornell's data. 

Drs. Bosron and Li discussed the multiple molecular forms of 
human alcohol dehydrogenase (ADH). Of particular importance is 
the identification and isolation of a new molecular form of human 
alcohol dehydrogenase, fUADH, The human liver contains as., 
many as 6 to 10 ADH molecular forms. The number and the 
amount of the, individual forms in liver tissue vary among indi- 
viduals and races, depending on genetic factors as weU as on the 
health of the individuals and the manner in which tissue specimens 
are handled (i.e., biopsy, autopsy tissue from patients who died of 
sudden traumatic deaths, or autopsy tissue from patients who 
died of various illnesses). Biopsy and traumatic death-related 
autopsy samples exhibit high specific activity; they also contain 

■ the ne^wly discovered mblecular forn of alcohol dehydrogenase, 
Il-ADH. ' * 

Fi-ADH is the most anodic enzyme form among the ADH iso- 
zymes on starch gel electrophoresis. At concentrations of ethanol 
that produce moderate to severe intoxication, i.e., 30 to 100 mM, 
FUADH represents* as much as 40 percent of the total alcohol- 
oxidizing capacity in human liver. H-ADH has been purified by 
means of affinity chromatography, and this molecular form ex- 
hibits a number of unique properties H-ADH is unstable, is 
relatively insensitive to inhibition by 4-methylpyrazole, and 
exhibits a high K M for ethanol. Op thg other hand, M ADH is 
similar to the other ADH molecular forms with respect to molec- 
ular weight, lubunit composition, and zinc content. 

The discovery of Il-ADH bears importantly on oiir understand- 
ing : of normal human alcohol metabolism and- its pathological 
derangements, The occurrence' of this high K M form of ADH 
/Indicates that the rate of alcohol oxidation in vivo should increase, 

J when biood ethanol concentrations rise to intoxicating levels^in 
some individuals, Although the failure of pyrazole compounds to 
completely inhibit ethanol oxidation is / frequently argued as 
functional evidence fqr non-ADH mediated pathways of ethanol 
"metabolism, the pr^ence of the pyrazoje-insensitive Il-ADH in 
human liver indicates that the existence or lack of such alternate 
pathways in humans cannot be inferred' conclusively itbm the 
effects of these compounds. Moreover, bel^jase. both the molec- 
ular heterogeneity of liver ADH and alcoholism appear to be 
* under genetic/control, the question' arises whether^ the presence or 
absence of n-A^H or of any of the other molecular forms may 
prove to be the biochemical links to alcoholism. Finally, whether 
chronic aldbhol abuse or malnutrition alters the^elative distribution 



SUMMARY 



f 15 



and amount of II-ADH and other enzyme forms remains another 
pertinent question. 

It should he emphasized that in alcohol metabolism, the rate of 
each component step may affect the overall rate, and there may be 
several slow steps. For example, in the steady-state reaction 

A B C, 

for which each rate constant is 1.0, the overall rate constant 
(k obs ) for A - C is 0,5 [k obs = k 1 k 2 /(k 1 + k 2 )]. If k % were in- 
creased to 10, the overall rate constant would increase to 0.91. 
Note that an increase in the overall rate constant of more than 
twofold requires that the rates of both step! be increased. Thus, 
the increase 1ft the rate of one step and in the overall rate would 
not b,e linearly correlated, and it^would be erroneous to conclude 
that neither the first nor second step had a rate-limiting role. In 
the overall metabolism of ethanol, it appears that the amount of 
hepatic alcohol dehydrogenase and the rate of turnover of NAD* - 
NADH may both have rate-limiting effects (see also Dr. Cornell's 
discussion). • ■ 

Dr. Salaspuro* in this workshop^ presented a paper pn^ccelfMteoT - 
ethanol metabolism after chronic alcohol consumption, with 
special reference to nonlinearity of blood ethanol elimination and 
associated redox changes. He also reviewed the present status of 
the microsomal ethanol-oxidizing system (MEOS), This system 
has been reconstituted recently with three microsomal components, 
cytochrome P-450, NADPH cytochrome c reductase, and lecithin. 
The K M of this reconstituted system for ethanol is 10 mM. It re- 
quires NADPH; it is not active with an H^O^ -generating system; 
and it is insensitive to catalase inhibitors. Thus, the existence of 
MEOS in the rat is well documented. 

In baboons that are pair-fed isocaloric diets with and without 
ethanol, the rates of ethanol elimination are not linear. Even 
in the alcohol-naive animals," the alcohol elimination rates are w 
biphasic— the rate at high ethanol concentratidns (45 to 20 mM) is 
10 pereent higher than that at low ethanol concenti^ftns (15 to 
5 mM). In the alcohol-fed animals, after 2 months of alcohol feed- 
ing, the rate at high ethanol concentrations is 14 percent higher 
than that at low concentrations; after 24 months of alcohol feed- 
ing, the corresponding difference is 30 percent. 

Similar data have been obtained with human aubjects,.i.e., after 
4 weeks of alcohol ingestion, the alcohol elimination curve is non- 
linear, "arid the increase in ethanol elimination rate occurs especially 
at high ethanol concentrations. In humans, either MEOS or : 
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Il-ADH may be responsible for the nonlinear rates of ethanol 
elimination; however, Il-ADH has not been detected in baboons, 
i Dr. Salaspuro also reported the effect of chronic ethanol con- 
sumption in baboons on the change of NAD^/NADH ratio is 
evidenced by inhibition of the rate of galactose elimination. 
Acutely , ethanol administration inhibits galactose elimination by 
approximately 46 percent, However, in baboons that have con- 
sumed alcohol chronically for 24 months, the acute administra- 
tion of ethanol results in less reduction in the NAD*/NADH ratio 
and in less inhibition of galactose elimination (only 21 percent). 
Based on these data, Br, Salaspuro interpreted the results to in^ 
dicate the following, (I) The rate-limiting factor of alcohol oxida- 
tion may be different between the naive animals and the animals 
fed ethanol chronically. The rate of NADH reoxidation is rate 
limiting in the naive animal; however, in the animals fed ethanol 
chronically, the level of hepatic alcohol dehydrogenase may be- 
come the major rate-determining factor in the alcohol dehydro- 
genase pathway for alcohol elimination. The switch to a more 
oxidi zed NAD + /NADH in chronic alcohol consumption may be due 
To "a decrease in the amount of alcohol dehydrogenase or to an 
increase in the capacity to remove cytosolic reducing equivalents, 
(2) Depending on the limiting step in the alcohol dehydrogenase 
pathway, there may or may not be accumulation of reducing 
equivalents in hepatic cytosol after the acute administration of 
alcohol, (3) Consequently, the acute effects of ethanol on hepatic 
intermediary metabolism may be completely different in alco- 
holics and in animals fed alcohol chronically compared to those 
effects in controls, (4) Whether any of the acute metabolic effects 
of alcohol still occur in the chronic situation is unknown. 

- Section VI: Other Effects of Alcohol on Nutrition 

Dr, Hurley reviewed the history and the clinical characteristics 
of the fetal alcohol syndrome (FAS) in humans. Although alcohol 
per se may be the cause of FAS, Dr. Hurley suggested that nutri- 
tional disturbances, e.g., magnesium, zinc, or folate deficiencies, 
also could be teratogenic. Magnesium deficiency is known fo be 
teratogenic for rats, resulting in increased fetal resorption rate, 
congenital anomalies, and a high neonatal mortality. Folate de- 
ficiency may have similar effects, presumably by inhibiting nucleic 
acid synthesis and by causing abnormal enzymic differentiation. 
Teratogenic effects have been observed both in rats and human 
Jbeings. Finally, zinc depletion clearly induces congenital anomalies 
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in experimental animals, even when the deficiency is relatively 
modest and of brief duration. The mechanism of this effect ap- 
pears to be impaired synthesis of nucleic acids, Dr, Hurley con- 
cluded that careful assessment of nutrient status, particularly that 
of magnesium, folate, and zinc, should be carried out in studies of 
the FAS syndrome both in humans and in appropriate animal 
models, 

Dr, Lester summarized the role of hypoandrogenization and 
hyperestrogenization in mediating the feminizing effects of 
chronic alcohol abuse. The existence of hypoandrogenization in 
chronic alcoholism has been established. It is due to a direct effect 
of ethanol on the testis, to coexistent hypotiialamic-pituitary sup- 
pression by alcohol, and to changes in hormonal metabolism pro- 
duced by alcoholic liver disease. The net effect of these alterations 
is a decreased amount of testosterone available to the target tissues, 
leading to decreased spermatogenesis. 

The genesis of hyperestrogenization in male alcoholics, on the 
other hand, remains more difficult to understand. The plasma 
level of estradiol in male alcoholics is normal. Normal estradiol 
levels in the presence of diminished testosterone levels may 
..produce the hyperestrogenization effect, but this suggestion is not 
universally accepted. In this workshop, Dr, Lester presented a 
novel hypothesis for hyperestrogenization, based on dietary intake 
of a number of nonsteroidal estrogenic substances ubiquitous in 
plants. Although the amount of nonsteroidal estrogens in the ~ 
normal human diet is insufficient to produce estrogenic effects in 
man, it is suggested that/ in the presence of abnormal diet or 
altered metabolism of nonsteroidal estrogens in advanced liver 
disease, sufficient quantities of these dietary substances may 
accumulate to produce estrogenic effects, : 

To prove this hypothesis, Dr, Lester and his group have devel- 
oped a receptor assay based on the differential displacement of 
radiolabeled estradiol by nonsteroidal estrogens from estradiol- 
binding proteins purified from male and female rat liver. In a 
survey of 15 sera from hard-core male alcoholics with liver disease, 
3 sera contained significant amounts of nonsteroidal estrogens, 
These preliminary data therefore support the provocative hypoth- 
esis that nonsteroidal estrogens from an exogenous source may 
play a role in producing hyperestrogenization in alcohblics. 
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Recommendations for Research Needs 



1. More sensitive testa must be developed to diagnose marginal 
and conditional deficiency states. In this regard, more stringent 
criteria must be employed in sample collection to define the 
normal values of these tests. 

2. Further studies are needed to define the mechanism respon- 
sible for the energy wastage .due to chronic, alcohol consumption, 

3. Further basic research must be performed to understand the 
transport mechanisms responsible for absorption of nutrients in 
the gastrointestinal tract. In studies .dealing with the effects of 
ethanol oh the kinetics of transport processes, particular attention 1 
should be given to the unstirred water layer, 

4. More biochemical studies are needed to delineate the effect 
of ethanol on the cellular mechanisms responsible for the digestive, 
secretory t and absorptive functions of the gftstro intestinal tract, 

5 . Research is needed to define the distributiori.and interorgari 
transport of v^igus-^marals^mn^^face elements and the effect 

=of ^th^fToT. _ ^^^=~=^-=- 

S^^eteboUc^aiance-^tUdie^ in ^ humffis should be conducted 
to define the effect of acute and chronic ethanol consumption on 
Zn 2 +, Mg 2+ , Ca 2+ , Na + , K + , and P. In this regard, the role of 
congeners in alcoholic beverages should be further examined, 

7, Studies are needed to explain the effect of ethanol on 
metabolism of trace elements, e.g., copper, cobalt, molybdenum, 
selenium, and manganese, 

8, Further research must be performed to explain the effect of 
altered Zn 2+ and Mg 2 * metabolism in alcohol consumption on 
intermediary metabolism. The role of Zn 2+ in DNA and RNA 
metabolism needs further delineation. 

9, Further research should be conducted to define the effect 
of phosphorus- deficiency on skeletal muscle metabolism. 

10. Controlled clinical trials should be performed to define the 
potential benefits of Zn 2 *, Mg 2 *, P, and carnitine replacement in 
the management of the medical complications in alcoholic patients, 

11. Further research should be done to delineate the role of the 
liver in folate and vitamin Bg metabolism and the effect of ethanoL 

12. Studies are needed to determine the effect of ethanol on 
thiamine metabolism in the, intestine, liver, and brain, 
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13, Clinical evaluations should be conducted to compare plasma 
a-amino-n-butyric acid/leueine levels with other diagnostic indi- 
cators for chronic alcoholic intake, e,g„ urinary glucaric acid, 

14, Further research is needed to define the «|f feet of ethanol 
and its metabolites on the ribosomal membrane complex for 
protein synthesis and on the golgi-microtubule system for protein 
secretion, 

15, The multiple molecular forms of hepatic alcohol dehydrog- 
enase should be isolated, purified, and characterized to under- 
stand the extent each form participates in ethanol elimination, 

16, A subhuman primate model exhibiting the multiple molec- 
ular forms of hepatic alcohol dehydrogenase similar to that seen 
in humans and, in particular, showing M-ADH, must be sought to 
facilitate further studies on trie rate-determining factors for 
alcohol elimination, 

17, The extent that non-ADH pathways participate in alcohol 
elimination in humans must be evaluated further, 

18, Additional studies are needed to delineate differences in the 
acute? and chronic effects of ethanol on hepatic metabolism, 

19, Further research must be carried out to define the patho- 
genesis of-the fetal alcohol syndrome. Specifically, the mechanism 
for transplacental transport of minerals and vitamins should be 
studied, 

20, The hypothesis that dietary nonsteroidal estrogen com- 
pounds may be responsible for feminization in alcoholic males 
should be pursued. 
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Marginal Nutritional States and 
Conditioned Deficiencies 



J. Cecil Smith, Jr.* 
Abstract 

Optimal nutrition and overt nutritional deficiencies are poles 
apart. Between the extremes are the marginal or suboptimal 
nutritional states that may result from inadequate intake and 
conditioned deficiencies, The latter result from factors that , 
interfere with the normal metabolism of nutrients, although the 
intake may be within the recommended nmge_._ ._=_ _ ^- 

Factors that ^onlnbute to marginal and conditioned nutri- 
tional inadequacies are inadequate intake; loss of body fluids; 
malabsorption; dietary chelators; and ingestion of drugs, includ- 
ing alcohol. For many nutrients, the basic requirements for 
humans are yet unknown, Optimal levels of nutrients must be 
established. Traditional methods for assessing nutritional states 
are often insensitive to marginal or conditioned deficiencies. 

Of ''equal importance is the definition of "normal" values as 
the basis for detecting a suboptimal or deficiency state. Likewise, 
more precise guidelines for interpreting laboratory tests must be 
established, Dietary surveys and clinical findings show that, in 
general, gross deficiencies with overt clinical signs and symptoms 
have nearly been eliminated in the United States, However* re- 
sults of such surveys Indicate that problems concerning subopti- 
mal intakes of certain nutrients linger, 

Trends in V.S* food_ consumption patterns indicate that intake 
of certain foods has changed markedly since 1900, Examples are 
the increase in consumption of sugars and the decrease in con- 
sumption of cereal products* Consumption of processed and re- 
fined foods also has increased sharply. These changes should be 
assessed with respect to their nutritional impact, 

Chronic alcohol ingestion can result in both marginal and 
conditioned nutritional inadequacies. Indeed, alcoholism has 
been suggested as the mos* common cause of undernutrition and 
the chief cause of vitamin deficiency in adults in the United 

*The heipful comments and review of the manuscript by Ellen Brown, 
Dr, 0, Edith W^ir, and Dr, Barbara F, Harland are appreciated, 
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States. In addition, alcohol ingestion has been reported to result 
in inefficient utilization of energy. The mechanism by which alco- 
hol results in energy wastage is unknown, A critical threshold 
level for daily alcohol ingestion has been suggested in regard to 
the development of liver disease. 

Introduction 

Present knowledge of nutritional status in humans encompasses 
a broad spectrum, ranging from frank, gross deficiency diseases 
with lesions and accompanied by clinical signs and symptoms, to 
an optimal state of sustained, excellent health, Between the 
poles—gross deficiency diseases and optimal status^ are the areas 
commonly referred to as "marginal 1 ' (suboptimal nutritional 
states) and "conditioned" deficiencies. Unlike marginal defi- 
ciencies, which result from inadequate intake, conditioned defi- 
ciencies result from factors that interfere with the normal metab- 
olism of nutrients. 

Recent nutritional surveys within the United States have 
revealed few gross deficiencies with overt clinical signs and symp- 
toms (51, 52)- Although the incidence of frank deficiency diseases 
has decreased in the United States, reports of marginal and con- 
ditioned deficiencies* have increased. Selected factors that con- 
tribute to marginal and conditioned nutritional deficiencies are 
listed in table 1, 

Human Nutrient Requirements: Basic and Optimal 

Recommended dietary allowances (RDA's) have been established 
by the Food and Nutrition Board of the National Academy of 
Sciences for a variety of specific nutrients (33). The RDA's are 
the levels of intake of essential nutrients deemed adequate to 
meet the known nutritional needs of practically all healthy 
persons. However, Marti (28) has differentiated between the basic 
and optimal requirements for specific nutrients. He defined the 
basic requirement as "that daily intake which allows the actual 
absorption into the organism of an amount sufficient to prevent 
deficiency disease," In contrast, the optimal requirement was 
defined as "that daily intake which allows an absorption of an 
amount sufficient to maintain in near-optimal function all bio- 
chemical and physiological mechanisms in which the element is 
involved, under the various stress conditions of life," Mertz 
recognized that practical difficulties often inhibit meeting the 
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Table 1 Factors Contributing to Marginal and 
Conditioned Nutritional Deficiencies 



Anorexia ( starvation) 

Hemolytic anemias 

Drug treatment 

penicillamine 

ethamhutol 

diuretics 

oral contraceptives 
antibiotics 

Total parenteral nutrition 

Losses in body fluids 
sweat 
urine 

exudates (burns) 
blood (parasites) 

Malabsorption 

steatorrhea 
regional enteritis 
jejunoileal bypass surgery 
sprue 

Pregnancy 

Dietary chelators (native and additives) 

phytate, fiber, pica, (clay, starch), ethylenediamine 
tetraacetate (EDTA) 

Changes in food supply and dietary consumption patterns 
Alcohol consumption 



optimal requirement (although it would be desirable), because 
optimal intake would assure prevention of marginal deficiencies. 
Furthermore, as indicated in table 2, requirements have yet to be 
established for many of the basic nutrients. 

Evaluation Techniques for Assessing Nutritional Status 

The detection of nutritional deficiencies presupposes establish- 
ment of accepted norms, considered to represent satisfactory, if 
not optimum, health and well-being. The major assessment 
methods traditionally have included nutritional history, physical 
examination, and laboratory procedures (13). 

The nutritional history consists of records of dietary intake (in- 
cluding alcohol) and comparison with appropriate standards. 
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Table 2, Present State of Knowledge Regarding Nutritional 
Requirements 



infants 1 Children adults - 




Also included are determination of the quality and quantity of 
food components; estimation of energy requirements as influenced 
by lifestyle; notation of symptoms and complaints; and a family 
history of eating, living, and health patterns, 

The physical examination includes anthropometric measure- 
ments-height, girth, skinfold, \nd derived indexes—and com- 
parison with suitable standards, la addition, signs suggestive of 
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inadequate nutrition (e g., dermatitis and poor healing) are noted, 
and functional tests are performed, 

The laboratory tests rely heavily on accepted normal ranges. 
The specimens most often examined are plasma or serum, urine/ 
and tissue (when available ) 5 Biochemical parameters often include 
postabsorptive or load tests such as glucose tolerance, A meal, 
containing oysters, providing five times the recommended dietary 
allowance for zinc, has recently been used as a zinc load to meas- 
ure absorptive response and homeostatic mechanisms of that 
element (42). 

Direct analyses for vitamins and minerals are often supple- 
mented with data from appropriate assays of enzyme activity to 
assess biochemical alterations. Glutathione peroxidase (a seleno- 
metalloenzyme) is used to assess selenium status (9), and red blood 
cell carbonic anhydrase, a zinc-metalloenzyme, to assess zinc 
nutriture (17). 

Are Normals Normal? 

"Normal" populations are usually used as control groups for 
assessment of nutritional status. Populations are considered nor- 
- mal if they are ambu^Ltory, can carry out routine daily activities, 
and are willing to donate a specimen for analysis, However, few 
populations escape some health problem, A recent survey (1976) 
by the LL8, Department of Apiculture questioned approximately 
1,400 households from different regions and social levels (16). In 
more than 60 percent of all households, someone had health 
problems, either diagnosed by a physician or self-ascribed. The 
incidence of health problems in regard to a specific disease or con- 
dition is shown in table 3, The most common problems were, 
obesity, ^hypertension, and allergies, which were reported, respec- 
tively, in 30 percent, 22 percent, and 20 percent of the house- 
holds, In approximately 40 percent of all households, someone 
had changed a dietary pattern to meet an existing health problem. 

, Results of that survey were strikingly similar to those of an 
earlier study (1967) by the U.S. Public Health Service (53) in 
which those interviewed were part of the "normal'* population 
who were not hospitalized. Respondents were asked whether 
they had experienced, within the past- 12 months, any of 11 con- 
ditions, including asthma, stomach ulcer, hay fever. The percent- 
ages of those who experienced a one or more chronic condition 
were 43 for , ages 17 to 24; 59 for ages 25 to 44; 71 for ages 46 
to 64; and 85 for age 65 and older. The complaints were not 
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Table 3, Percentage of U.S. Households Reporting 
Health Problems^ 



Conditions 


Percentage Households 


Reporting Health Problem 


Obesity 


30 


High blood pressure 


22 


Allergy 


20 


Heart disease 


9 


Kidney problems 


8 


Diabetes 


7 



a Based on approximately 1,400 households, 
b Oata from reference (16), 



verified by physical examination. However, the responses indicated 
the incidence of suboptimai health, 

Recently, an editorial in the New .England Journal of Medicine 
asked, "What does a healthy control control?" (6), The writers 
stressed that in some studies the control fluids or tissues used to 
assess a specific disease are obtained from so-called -'normals," 
usually young and healthy persons— i,e., coauthors, other hospital 
personnel, or medical students. The editorial pointed out that if 
blood or tissue parameters of a patient with a certain disease differ 
from corresponding parameters of healthy controls, a mistake 
might be committed if that comparison were used as evidence that 
the deviation from normal is specific for that certain disease, "If 
such conclusions are to be valid, control material should also be 
obtained from patients who suffer sicknesses different in nature 
but comparable in acuteness and severity," Thus, the editorial sug- 
gested the use of two control groups, one consisting^ of healthy 
subjects; the other, subjects suffering from a disease different from 
that of the group under study. 

Recruiting such double control groups would be nearly impossi- 
ble, especially in a noninstitutional setting, Perhaps a more 
practical approach for assessing nutritional deficiencies would be 
to develop optimal controls, That is, a range of normal values 
might be developed from a population clinically verified to be in 
optimal health- on the basis of appropriate criteria, including sus- 
tained freedom from disease and ideal function of the biochemical, 
physiological, and mental processes. Longevity could also be 
included. 

An .alternate, and perhaps supplemental, approach would beto^ 
develop "negative" control 'values representing measurements from 
individuals documented to have a primary deficiency of a specific 
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nutrient, Thus, deficient as well as optimal values would be 
delineated so that marginal and conditioned deficiencies could be 
readily identified by comparison. Specifically, the marginal values 
would be those that fall between the deficient values at the low 
extreme and the optimal values at the high extreme. 

By use of a similar scheme, an attempt has been made to de- 
velop guidelines for the interpretation of vitamin A plasma con- 
centrations in humans (19), In brief, plasma levels of less than 
20 jug retinol/100 ml were interpreted as "less than acceptable 
(at risk)," Specifically, values of 10 to 19 jug retinol/100 ml were 
termed "low'* with medium risk, Plasma retinol concentrations of 
<10 jug/100 ml were classified as "deficient'' with high risk, 
Similar classifications were also suggested for vitamin C, thiamin* 
riboflavin, vitamin Bg, folic acid, vitamin B 12 , and vitamin E 
(tentative) (19), Guidelines for interpreting biochemical indexes 
used in evaluating protein and calorie adequacy were reported (19). 

'"Deficient" levels of nutrients have generally been arbitrarily 
established by use of a cutoff at two standard deviations below 
the mean of a "normal" population. The incidence of unaccept- 
able or deficient values, therefore, can be altered by changing the 
normal range, That source of variability was noted by Lowen* 
stein (26) regarding the cutoff point for hemoglobin normality, 

Dietary Surveys and Clinical Findings as 
Techniques for Assessing Nutritional Adequacies 

Dietary surveys may identify inadequate intakes of specific 
nutrients. Each decade, the U.S. Department of \ Agriculture 
(USDA) conducts the Household Food Consumption* Sikvey of 
the food and nutrient intake of individuals in the* United States 
and compares nutrient intakes with recommended dietary allow- 
ances. The 1965^6 survey (49) indicated that calcium and iron 
were the minerals for which intake 'was most often below the 
allowance. Other nutrients ingested in inadequate quantities in* 
eluded vitamin A, thiamin, riboflavin, and ascorbic acid. -Inade- 
quate intakes of certain nutrients were especially common in 
households with incomes under $3,000 (1965-66 poverty level), 
Results of a 10-state nutrition survey (52) indicated that problems 
were associated with the following* nutrients: 

Iron. Iron deficiency anemia, as evidenced by low levels of 
hemoglobin, was widi pread within the population surveyed* 
Low hemoglobin levels in the total population appeared to 
be due largely to inadequate iron intake. 
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Protein, Despite apparently adequate protein intakes, mar- 
ginal protein nutriture was found among pregnant and 
iactating women, as evidenced by low serum albumin levels. 
Present standards for protein requirements in pregnancy may 
not be adequate. 

Vitamin A. Low-income Spanish Americans and a iarge pro- 
portion of young people had low serum level * of vitamin A, 
Vitamin C, Low levels of vitamin C wer tore frequent 
among males than females. The prevalence of poor vitamin C 
status increased with age. 

Riboflavin: Riboflavin level was low among blacks and young 
people in all ethnic groups. 

Data from the First Health and Nutrition Examination Survey 
(HANES I), conducted in 1971 and 1972, indicate that many 
people in the United States have suboptimal intakes of certain 
nutrients (51). On the basis of mean dietary intake, iron was the 
nutrient most frequently found to be below the RDA standard in 
certain population groups. Specifically, 95 percent of children 
aged 1 to 5 years and females aged 18 to 44 had iron, intakes 
below the RDA, In low-income groups, 56 percent of the adults, 
white and Negro, aged 60 and older, consumed substandard levels 
of irMrf Only for males aged 18 to 44 .were mean iron intakes 
^#be?e the recommended allowance, Negro females aged 18 to 44 
hae^ calcium intakes 20 to 23 percent below the standard* White 
females aged 18 to 44 in the Iqw-modme group had mean vitamin A 
intakes 18 pexcent below the standard, " 

Biochemical tests confirmed the intake data. More than 10 per- 
cent of all adults had low hematocrit values, Nearly ~42 percent of 
low-income Negro adults, aged 60 and older, had low hematocrit 
. and low hemoglobin values, 

The HANES I study concluded, "There is evidence of a defi- 
ciency with respect to the nutrient irofi based ojjpqth the dietary 
-^intake and biochemical data- (51),. The study illustrates the use 
ofTwS^arameters, dietary intake and biochemical data, to assess 
nutritional status and to deteqt marginal or conditioned nutritional 
deficiencies. Lowenstein (26) discussed the preliminary results of 
'" the HANES I study with regard to early signs of nutritional defi- 
ciency detected by biochemical parameters/- "Early'* detection 
may prevent the development of Mil blown lesions (with signs and 
symptoms) that might be irreversible. The stages of, nutritional 
inadequacies are depicted in figure 1, 

Both marginal and conditioned states are characterized by an^ 
inadequate supply of essential nutrients at the toetabolic level, 
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Figure l.» Classification of Nutritional Deficiencies and Their 
.. Effects 

' * Primary 

4 

. , • _ Nutritional • _^ Biochemical Functional * 

Marginal—^ Deficiencies - ^ Changes Changes — ^ Lesions 

. 4 

Conditioned , 

Marginal deficiencies are frequently detected by comparing' the 
actual intake of nutrients with the recommended dietary allow- 
ance. Thus dietary history, including nutrient intake as deter- 
mined by calculation or preferabl§r by actual analysis, should be 
primary in assessing nutritional adequacy. Examples of a marginal 
or inadequate intake of a specific nutrient resulting in manifesta- 
tion of a disease inclut^e the discovery that a lactose-free diet, 
prepared, for an infant with acrodermatitis enteropathica, supplied 
.inadequate quantities of zinc (29). Calculation of the zinc content 
first indicated this inadequacy. The patient was given a zinc sup- 
plement and recovered completely within a short time. Thus, a 
single observation regarding nutrient insufficiency resulted in the 
development of an accepted treatment of a potentially fatal 
disease. I * * t \ 



Consumption Trends of Nutrients 

■ ' . ■■■ * / . • . • ■• 

For the U. S, population, food consumption patterns have 
changed' markedly since/the beginning of the 20th century, as 
shown in figure 2 (27). The major trends in the per capita con- 
sumption Included a marked decline for flour and cereals and an 
increase for meats. The pattern of consumption of fats and oils 
htui been erratic since 1910, It increased from 1920 to 1940, 
decreased sharply during .World War II, then gradually increased 
since 1945, The intake of dairy products has sho;wn a net increase 
since 1910, bit a trend toward decreased intake began after World 
War II, Similarly, vegetables are consumed at a rate exceeding that 
near the turn of the century, but after a striking increase from 
1935 to.JL945» the trend has since been downward. 

How do these trends affect nutrient intake? In general, the 
changing food consumption pattern has resulted in a decreased 
intake of fiber (roughage), vitamins, and essential trace elements* 
Major factors contributing to the decrease in the intake of specific 
essential nutrients include the following, (1) There was a marked 
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Figure 2* Major Trends of Food Consumption in the 
United States During This Century 3 



PER CAPITA FOOD CONSUMPTION, 

U,i, 1910=1970 

(3-year Moving Average. 1967-100) 




Year 1910 



1920 



1*40 



lf$0 



a Pata from raferenet (27), 

increase m the consumption of naked (empty) calories, such as 
those contributed by refined sugars* (In 1975 f 90 lbs of refyied 
sugar per capita was available for consumption, representing ap- 
proximately 450 kcalories per day (48),) (2) There was Increased 
consumption of processed and- refined foods, ^i.e*, White flour' 
largely devoid of vitamins and minerals without enrichment, com- 
pared^to the whol^grain, (3) There was increased intake of naked 
calories from 4 fate and oils. 

Fats and oUs may provide fat-soluble vitamins (A, D, E, and K) f 
but they cannot be depended on as major contributors of these 
vitamins. Essential fatty acids can be provided by diets with a 
much lower fat content than the typical American diet, in Which 
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40 to 45 percent of the calories are supplied by fat Fats and oils 
are extremely poor sources of trace elements:. Deficiencies of the 
trace minerals may be produced in animals, even though they have 
a diet containing 15 percent fat or oil. The fat or oil the animals 
are fed is usually identical to that consumed by humans and, in 
fact, is often purchased at the local supermarket, 

Schroedej (38) compared the trace mineral contribution of 
various commercial animal diets with a typical human diet, as 
shown in table 4, The results indicate that on a unit weight basis 
the human diet provided the least amount of minerals. Thus, in 
general, the change in the food consumption pattern, coupled with 
increased refining and processing and introduction of "synthetic" 
foods into our food supply, has resulted in a trend of decreased 
intake of several essential nutrients, especially the trace elements* 

It must be stressed that the problem with our present diet con- 
cerns nutritional quality, not quantity,; The USDA reported that 
per capita food consumption reached a record high in 1976 and 
exceeded the previous high in 1972 by 1.5 percent (47), The short- 
term trend has been more food consumption; but even high intake 
may fail to overcome 1 marginal inadequacies of specific essential 
nutrients. 

The potentially marginal inadequacies of typical American diets 
are illustrated by a recent study from our laboratory (3), Although 
an institutional meat-containing diet, exceeding 3,100 calories, 
provided more than twice (129 g) the recommended protein 
intake, the zinc level (14,6 ± 4,5 mg, mean ± S,D,) was slightly 
lower than the recommended 15 mg (33). A vegetarian diet, - 
which included dairy and egg products, provided essentially the 



Table 4, Essential Trace Elements in Human, Rat, and Dog Diets, 
ppm (dry) a 



Element 


Human 


Eat 


Dog 


Human/Dog 
(Percent) 


Iron 


30,60 


197,0 


200,0 


15,3 


Zinc 


30,60 


30.3 


178.3 


17,2 


Manganese 


4,62 


54.4 


59.95 


7,7 


Copper 


6,15 


15.1 


17.05 


36.0 


Cobalt 


0,10 


0.37 


0,48 


24 


Fluorine 


0,59 


65.0 


50? 


0,91 


Iodine 


0,12 


1,17 


' 2,25 


5.3 


Chromium 


0.12 


0,17 


4,24 


2.8 



a bata from reference (38). 
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same levels of calgriei and protein as the meat diet, but even less 
zinc (12.2 ± 1.2 rag). In addition, the copper level of the meat 
diet was lower (0,9 * 0.8 rag) than the 2 mg usually suggested as 
an adequate daily allowance (2), 

Recently, Wolf 3 et al. (68) have measured the daily intakes of 
zinc and copper from self-selected dieta of individuals who were 
not institutionalized. Mean daily intake was 8,6 mg for zinc and 
1,0 mg for copper. Calculated values indicated that iron levels 
were inadequate^ Wolf and associates analyzed diets as actually 
consumed by the individuals in their normal environment, rather 
than as offered in an institution (8), 

In Dietary Goals for the United States, the Senate Select Com- 
mittee on Nutrition and Human Needs recently recommended 
changes in consumption patterns (7), In general, the recommenda- 
tions appear justifiable, but apparently the committee took little 
account of the bioavailability of nutrients from the various classes 
of foods, Thus, it is possible that marginal inadequacies could 
result. If the population follows the recommendation to reduce* 
the consumption of "meat" with an increase of poultry and fish, 
its total meat intake will probably decrease. But meat is a good 
source of most trace elements and vitamins, so the overall intake 
of these essential nutrients might be reduced. 

In addition, the source of trace elements is important regarding 
bioavailability, ■ For example, most trace elements are not only 
higher in concentration in meats than in fruits and vegetables but 
also are present in meats in a more readily available form. Thus* a, 
decrease in meat consumption with a concomitant increase in 
fruit and vegetable consumption may cause serious inadequacies 
of bioavailabJe nutrients, e.g., trace elements, \ 

On the other hand, decreased consumption of sugar and foods 
high in sugar would be nutritionally beneficial. Replacing) the 
empty calories of sugar with complex carbohydrates would in- 
crease the nutritional valu© of the diet as well as decrease the 
caloric density, * 

Bioavailability Versus Total Quantity of Nutrient 

Measurement of food intake by nutritional surveys does not 
accurately assess adequacy. The quality . of the food also must 
be assesr d with regard to its bioavailability. Just as the protein 
efficiency ratio indicates the quality of protein, bioavailability 
indicates the quality of other specific nutrients from various 
food sources. It is not sufficient to determine only the nutrient 
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composition of a food. The nutrients must be available for absorp- 
tion and utilization. 

The trace .elements are more concentrated and, in general, more 
highly available m foods "of animal origin than in foods of plant ori- 
gin (10), For example, the zinc and iron deficiencies evident in de- 
veloping countries such as Egypt and Iran, where whole pain or 
whdle meals are the mam dietary staple, have often been the result 
of poor availability rather than of insufficient total intake (35). 
Analyses of the dally diet of ,the zinc- deficient Iranian dwarfs indi- 
cated that intake was adequate. The major source of zinc, however, 
"was wheat bread prepared without leavening. That bread, by virtue 
"of its fiber and phytate content, further decreased the availability 
of zinc (34). 

Chronic Alcohol Ingestion and 
Nutritional Inadequacies 

Alcoholism, which costs Amtriean society a staggering $25 
bUHon annually, ranges in degree of severity from illness to 
death (50), About 7 percent of the adult population are alcohol 
abusers^ There may be as many as 10 million persons whose 
drinking has created some problem for themselves or associates, 
Alcohol is believed to account for 40 percent of U/S. traffic 
fatalities. Clinical risks associated -with heavy drinking include 
heart, liver, and neurological disease as well as nutritional wastages. 
Excessive use of alcohol has been implicated as a factor in the 
development of specific cancers of the throat, mouth, and. 
esophagus and remains the fourth most common cause of adult 
deaths, especially among those between the ages of 35 and 55, 

Alcoholism may be the most common disease of undernutrition 
in adults in the United States (12). It may produce conditioned 
deficiencies by interfering with absorption and utilization of 
nutrients. A marginal deficiency may also result from inadequate 
food , intake because alcohol often either replaces other food 
and/or causes nausea and vomiting. Anorexia may result and 
further decrease intake, * 

Chronic ingestion of alcohol, which is high in calories, can. 
markedly change the composition of the diet, In a recent study of 
92 alcoholic men (36) i the average number of calories supplied by 
alcohol (1,384 cal/day> was more than one-half those supplied by 
food (2,505 cal). In that study, the alcoholics ingested an average 
of nearly 3,900 calories per day, well above the recommended 
allowance, but 40 percent of the alcoholics were underweight and 
only 10 'percent were obese. 
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In another study, of 3,000 alcoholic subjects (21), 69 percent had 
evidence of liver disease, Dietary deficiency occurred during, 
periodic bouts of excessive alcoholic intake in 40 percent, ex- 
tended prolonged dietary deficiency alternating with a marginal 
or normal diet during periods of abstinence was present in 25 per- 
cent, and continuous dietary deficiency (except when hospitalized) 
was present in 36 percent of the patients. The nutritional aspects 
of alcohol consumption have "been reviewed comprehensively by 
Sinclair (41). 

Difficulty in Detecting Nutritional 
Inadequacies in Alcoholics 

There are few sensitive techniques for early detection of inade- 
quacies in alcoholics. Routine laboratory studies were made of 
490 alcoholics aged 15 to 69 years treated as outpatients. All had 
developed addictive drinking patterns after 6 to 8 years of ex- 
cessive Alcohol consumption (16), Routine laboratory studies 
showed only slightly increased serum glutamate oxaloacetate 
(SGOT) in about one-third of the patients. There was no relation- 
ship between SGOT and intensity or duration of alcoholism. 
Other laboratory tests showed no definite changes. 

In another study of 3*000 alcoholic patienta (21) s conventional 
liver function tests were of limited value in detecting early phases 
of liver injury or determining the activity or severity of liver 
disease, The serum glutamic pyruvic transaminase activity often 
was normal* Empirical flocculation tests (where reactivity de- 
spends on abnormalities of serum proteins) were not reliable. The 
sulfobromophthalein (SEP) test frequently failed to detect sub- 
clinical liver disease. Only one test 8 the indocyanine green clear- 
ance* provided an index of functional capacity of the liver, 

A possible technique for detecting itad assessing the degree of 
alcoholism has recently been repojrted by Shaw et aL (40), The 
method is based on an apparent alteration of the ratio *of the 
plasma amino acids* g-amino-n-butyrlc acid (A) and leucine (Li), 
The A:L ratio in 42 alcoholic patients was double that in either 
normal controls or patients with nonalcoholic liver disease. There 
was a positive corr elation between plasms A*L ratio and mean 
daily alcohol intake. This technique is more sensitive in the detec- 
tion and assessment of the degree of alcoholism than blood 
alcohol concentration or blood enzyme alterations, 
^ Signs and syihptoms of marginal or conditioned inadequacies in 
alcoholism are often absent, Halsted et al. (11) found evidence 
that folate deficiency in combination with alcohol ingestion 
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induced a functional abnormality of the small intestine as evi- 
denced by a decreased uptake of folic acid. However, no mor- 
phologic changes were observed. Apparently functional abnor- 
mality precedes detectable structural alteration in alcoholic folate 

- deficiency. „ 
Likewise, a deleterious effect of marginal or conditioned de- 
ficiency may not become evident until an accumulative threshold 
has been reached* For example, a recently reported large-scale 
study of alcohol consumption and blood pressure involving 
83,947 men and women aged 16 to 79 years suggested that 
alcohol consumption was associated with an increase in blood 
pressure, However, this effect did not become statistically signifi- 

-cant until the subjects ingested three or more drinks daily (18). 

Methods for Detecting Conditioned 
Deficiencies in Alcoholics 

In a recent study involving 119 hospitalized alcoholics with 
liver disease (5), plasma zinc levels were low in 82 percent. Further 
evidence of a conditioned zinc deficiency in alcoholic liver disease 
was exhibited by the decreased tissue line concentration in the 
liver. This was in contrast to normal concentrations of copper, 
magnesium* calcium, and manganese, as shown in table 5 (54), In 
addition, hyperzincuria in alcoholic liver disease patients has been 
reported in numerous studies (43 1 44, 45 s BB), 

Another study (5) indicated that nearly 60 percent of the 
alcoholics had low plasma vitamin A levels. The work of Patek 
and Haig (31) nearly 40 years ago indicated that patients with 
cirrhosis of the liver (the majority had a history of alcoholism) had 
an abnormal visual dark adaptation ("night blindness")* The vision 



Table 5, Zinc and Other Element Concentrations in Livers of 
Autopsied Patients 3 



Noncirrhoticb Cirfhotic^ Significance 

Mg/g(dry) Mg/g(dry) P 



Zinc 288 * 100 99 ± 37 <001 

Copper 22 ± 5,1 24 t 11 NS 

Magnesium 531 ± 159 362 ±162 NS 

J^alcium - - - 126 ±30 118 ± 50 NS 

Manganese 5,2 ± 1.4 5,0 ± 1,1 MS 
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problem "tended to persist in the presence of nutritious diet, 
rich in vitamin A." Thus, they added, . . patients with cirrhosis 
of the liver may be deficient in vitamin A* It is also evident that 
the deficient state is not attributable to inadequate intake of the 
vitamin in their food." That condition, therefore, is an excellent 
example of a conditioned deficiency caused by alcohol ingestion 
that became evident in spite of adequate intake. 

Abnormalities in zinc and vitamin A metabolism in alcoholic 
liver disease patients have recently been reviewed (4), Alteration! 
in the plasma, urinary excretion, and absorption of several other 
nutrients as a result of chronic alcohol ingestion are summarized 
in table 6, 

Alcohol, Diet, and Disease 

Although accumulating experimental data show that heavy 
alcohol consumption without dietary inadequacy can result in 

* 

Table 6. * Alterations in Metabolism of Nutrients as a Result of 
Chronic Alcohol Ingestion 

Plasma or Serum 

I Zinc " 
I Calcium (transient) 

i .Vitamin A and retinol binding protein (RBP) 
i Glucose 

t Cholesterol, phospholipids, and triglycerides 
I Thiamine 

Absorption 

I Thiamine 

I Folic acid 
I .Glucose 
t Iron 

Urinary Excretion 
t Mg 
f K 
t Zn 
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liver damage leading to cirrhosis-f24,25) J there are still qu< stions 
remaining regtfrdin| the role of diet in the development of cirrhosis 
in alcoholics, A^ecent study (30) concerned the nutritional 
practices of 304 hospitalized alcoholics: 105 were classified as 
cirrhotic, 40 as precirrhotie, and 69 as noncirrhotic. The subjects 
were all diagnosed as "chronic alcoholics" based on their histories 
of alcohol intake and other signs. The precirrhotics and non- 
cirrhotics were differentiated on the bases of histories, clinical 
findings, and histological study of liver biopsies. Subjects with frank 
cirrhosis were well documented by the usual clinical parameters. 

Dietary histories were usually obtained before diagnoses were 
established. An effort was made, based on patient recall, to ascer- 
tain the typical diet for at least 2 years prior to onset of the 
presenting illness to avoid changes of diet that may have resulted 
from the illness. There was no significant difference among the 
groups regarding the mean total, daily caloric intake^-3 s B44, 
3,231, and 3,394— or the calories from alcohol— 1,821, 1,875, 
and 1,864— for the noncirrhotics, precirrhotics, and cirrhotics, 
^respectively* However, the daily mean caloric intake from protein 
sources was higher for the noncirrhotics (288) when compared to 
the precirrhotics (196) and cirrhotics (201), The authors con- 
eluded that a severe dietary deficiency may not be necessary to 
provoke cirrhosis in an alcoholic. They suggested, "It is conceiv- 
able that dietary deficiency at a near threshold level through a 
period of years could make a critical difference in the pathogenesis 
of human cirrhosis," The authors also observed that a high alcohol 
intake may interfere with absorption and utilization of essential 
nutrients in the diet. 

Recent studies by Ristic et aL (3,6) indicated that a luge per- 
centage (40 percent) of the chronic alcoholics were underweight 
even though they had a high daily caloric intake averaging nearly 
3,900 calories^well above, the level necessary to maintain body 
weight In normal nondrinkers. Apparently energy utilization was 
inefficient because "36 percent of the calories were derived from 
alcohol. Earlier, the studies of Pirola and Lieber (32) concerning 
the energy cost of the metabolism of ethanol indicated that 2,000 
calories from alcohol (added to a basal 2,000 caloric diet) resulted 
in essentially no body weight gain over a 44-day period, whereas 
2*000 calories from chocolate caused* in the same subject, a gain 
of almost 3 kg in less than 30 days, 

The mechanism by which alcohol results in energy wastage is 
unknown. Thus, there is no doubt that conditioning factors, in- 
cluding alcohol ingestion* can cause a wastage of specific nutrients, 
including enfergy. 
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^Alcoholic liver damage is produced only by constant alcohol 
intake. The duration and quantity of alcohol intake are. of deci- 
sive importance for the development of cirrhosis. Alcoholic fatty 
liver may be the only noticeable alteration for many years and is 
reversible within a few weeks of discontinuing ethanol intake. 
Chronic-abuse alcoholic hepatitis may develop (progressing from 
alcoholic fatty liver) and can quickly develop into cirrhosis if 
ethanol intafie continues. In contrast, if ethanol intake is discontin- 
ued, alcoholic hepatitis of the liver heals with benign fibrosis (46). 

Lelbach (22) has suggfsted that * overindulgence in alcohol for 
more thai 22 years results in a 50-percent probability of cirrhosis; 
apparently the resistance of the liver to alcohol damage varies 
among individuals. The susceptibility to liver damage by alcohol 
also varies according to sex, independent of nutritional state and 
type of diet (46), Based on morbidity data from l s 960 males and 
627 females regarding the effect of the quantity of alcohol on the 
development of cirrhosis, Pequignot [cited by Thaler (46)] noted 
an increase in cirrhosis morbidity when more than 60 g of pure 
alcohol per day were consumed by men or more than 20 g were 
consumed by women (table 7), The data were based on a smaller 
sample for females than for males. The high susceptibility of 
women for liver cirrhosis was hot explained. Such a large differ- 
ence, however, cannot be attributed to body weight alone,, The 
amount suggested as a Critical threshold" for men (80 g of pure 
alcohol) max be supplied by approximately either 4 bottles of 
beer, 1 bottle of wine, 1/2 1 of vermouth or sherry, or, 5 single 
whiskies; for women the critical level of 20 g of ethanol is supplied 
by either 1-1/2 bottles of beer, 1/4 1 of wine, 3 glasses of dessert 
wine, or a weak double whisky. Beyond those critical levels, the 



Table 7 . Alcohol and Calorie Content of Popular Beverages and 
the Critical Threshold for Men and Women 11 



Beverage 


Alcohol 
Content 
vol % 


Pure Alcohol 
in 1,000 ml 
g 


Calories 
per 1,000 ml 


Critical Threshold** 

Male& Females 
(liters) 


Beer 
Wine 

Dessert faine 
Hard liquor 


4 

10 
15 
38 


31 
70 
11 8 
300 


400 ^ 
700-1,200^ 
1,600 
2,500 


2 b 0,7 b ' 
0.7 0,25 
0.5 0.16 
0,2 * 0.07 



*Data from reference (46), * • . 

b Volume (liters) supplying the critical threshold of 60 g of pure alcohol for 
men and 20 g for women. 
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morbidity of cirrhosis multiplies with increasing amounts of eth- 
anol. In contrast, 4f ethanol consumption stops, even in early 
stages of alcoholic cirrhosis, life expectancy is only slightly lower 
than that of the average population. 

Compared to matched controls of the same age, sex, and profes- 
sion, patients 'with calcifying pancreatitis drank more alcohol 
(mean intake 2 g/kg/day)- and their intakes of dietary fat and 
protein were greater (37). The mean duration of alcohol consump- 
tion before onset of the symptoms was 17 years in men. There 
was a linear relationship between the mean daily consumption of 
ethanol and the relative risk for developing chronic pancreatitis. 
Thus the possibility of toxicity of ethanol begins with the smallest 
dose, The log of the risk approximately doubles for every 40 g of 
ethanol per day. 

Experimental Animal Studies 

Providing 20-percent alcohol as the sole liquid delayed the onset 
of liver necrosis in rats deficient in vitamin E and selenium (23), 
After 5 to 6 weeks, the animals given alcohol tended to have less 
fat in their livers than controls supplemented with vitamin E, 
selenium, or both, The authors suggested that vitamin E and 
selenium itatus may affect the progression of alcoholic liver disease. 

Huber and Gershoff (14) reported that the metabolism of alco- 
hol was inhibited in zinc- deficient rats. Specifically, the oxidation 
of ethanol (and retinol) was significantly decreased as indicated by 
lowered activity 1 of alcohol dehydrogenase in the retina and liver 
of zinc- deficient pups and in the retina (but not the liver) of zinc- 
deficient adult male rats (table 8). These data suggest that zinc de- 
ficiency may inhibit alcohol oxidation, Thus it may be speculated 



Table 8, Alcohol Dehydrogenase Activity in the Liver and Retina, 
of Zinc-Deficient Male Adult Eats and Zinc-Deficient 
Pups a b 



V 

Qroup 


Tissue 


"Control 


Zinc Deficient 


P 


Mile adult rats 
(n-10\ 


retina 
liver 


26 ± 4.0 

125 ± 5- 


15 ± 0.5 
11% ± 10 s 


.02 
NS 


Ptjps at weaning 
(n-10) \ 


retina 
liver 


40 ± 5 
150 ± 11 


10 * 0.8 > 
117 ± 6 


,001 
.02 



p Data from reference (14). 

^m^moles NADH/min/retina; substrate ethanol, 

■ V 
s 
\ 
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that- the conditioned zinc deficiency resulting from* alcoholism 
may in turn cause an inhibited ethanol oxidation with further 
deleterious effects. In addition, Wang and Pierson have reported 
alterafloni in %\xiq metabolism in rats as a result of alcohol inges= ^ 
tion (57). Concentrations of zinc in plasma and livrfr were de- 
creased significantly as early as 2 weeks after the substitution of 
20-percent ethanol for drinking water. The zinc content decreased 
. Significantly in liver subcellular fractions; the mitochondrial frae* 
tion^was affected most severely * 

Van Theil et al. (56) have recently reported that ethanol inhibits 
the in vitro oxidation of retinol in testicular homogenates. The 
alcohol dehydrogenase activity in the material was markedly de- 
creased as the alcohol concentration was increased. Preliminary 
studies also showed that chronic ethanol feeding to pair-fed rats 
produced germinal cell injury in the alcohol-fed animals but not in 
the isocaioric control. The authors suggested that ethanol inhibits 
the oxidation of retinol to the bioactive retinal in the testis, and 
that a conditioned or "relatwe vitamin A deficiency" may be a 
factor in the development of sterility in chronic alcoholics. 

Increased Nutrient Requirement 
Resulting from Alcoholism 

A recent symposium concerning the impact 'of infection on 
nutritional status revealed that losses of certain nutrients (e.g., 
protein, calories, and iron) were excessive during acute infec- 
tions (1). \ Therefore, increased intakes of those nutrients 
were recommended. The recommended intake of protein dur- 
ing convalescence was 200 percent of minimum requirements 

(M9). ■ . 

The concept of increased requirements due to conditioning 
factors might well apply to chronic alcoholism, Indeed, as Leevy 
and Baker (20) indicated, "Alcoholism is the chief cause of vitamin 
deficiency among civilized people with adequate food supplies*" 
they further suggested that this deficiency is in part due to 
increased vitamin needs imposed by the alcohol* They cautioned, 
however, that vitamin supplements alone would probably not 
prevent vitamin deficiency syndromes because a variety of other 
nutrients is required for the catalytic function of vitamins. Those 
authors, therefore, believe that an adequate food intake should be 
provided each day when there is no ethanol in the intestine or 
blood to interfere with absorption of the vitamins* 
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Summary 

In this paper, I have discussed the complex and multiple factors 
that contribute to marginal and conditioned nutritional deficien- 
cies, Thfe problems, of establishing nutrient requirements and 
assessing nutrient status also have been highlighted. An adequate 
intake of all nutrients in proper balance is in itself difficult to 
achieve, Even if an adequate intake were assured, interfering 
\ factors that affect bioavailability and utilization of nutrients may 
\ result in conditioned deficiencies and marginal nutritional states/ 
/ Alcoholism is one such .conditioning factor that may alter the 
1 1 metabolism ol several nutrients; other such factors have been 
/ identified; and still { others, undoubtedly, have yet to be identified. 
/ / Of equal importto^e is the definition of optimal nutritional status 
NTTOTthe identification of the sepnents Qf our population that 
would benefit from change or supplementation of diets, or both. 
Last, nutritional jstatus should be viewed not as an absolute and 
static state, but as a §ta|§ that ranges from, frank deficiency to 
optimal nutrition, with a wide % 'area lying between the extremes* 
Optimizing the nutritional status of individuals would be a major 
contribution toward sustained excellent health. Thus, nutritional 
status literally af fects # very body !* 
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Alcohol-Nutrition Interactions* 



Charles S. Ueber 



Abstract 

Alcohol abuse can lead to malnutrition because ethanol repre- 
sents nutritionally -empty" calories; that is f calories not associ- 
ated with substantial amounts of vitamins, minerals, or proteins, 
Ethanol also acts on the gastrointestinal tract and interferes with 
digestion and absorption, Moreover, it impairs the utilization of 
various nutrients, 

Calories derived from ethanol are also not fully utilized in the " 
body, Although alcoholism remains one of the major causes of 
nutritional deficiencies in affluent societies, the incidence of 
the malnourished alcoholic is decreasing while mortality from 
alcoholic liver diseases continues to rise, However* though florid 
nutritional deficiencies may be relatively rare, the impact of 
more subtle nutritional alterations produced by alcohol remains 
A to be explored, Nevertheless* chronic alcohol abuse can lead to 
the development of liver injury, including cirrhosis, when the 
diet contains all the required nutrients in recommended 
amounts. 



Introduction 

Alcohol and nutrition interact at many levels (see table 1), Eth- 
anol may directly alter the level of nutrient intake through its ef- 
fect on appetite or its displacement of food in the diet, or by its 
deleterious effects at almost every level of the gastrointestinal 
tract, These changes result in disturbances of digestion and ab- 
sorption. Furthermore, through its effect on various organs, 
especially the liver, ethanol may alter the transport, activation, 
catabolism, utilization, and storage of almost every nutrient 
studied, Therefore, alcoholism remains one of the major causes 



*Thii work was supported, in part, by grants from the National Institute 
on Alcohol Abuse and Alcoholism; the National Institute of Arthritis, 
Metabolism, and Digestive Diseases; and <he Veterans Administration, 

Medical Research Service. 

■ ■■ < . . *. 

47 



57 



48 



LIBBER 



of nutritional deficiency syndromes in our society. Furthermore, 
ethanol is directly toxic to many tissues of the body, and this ef- 
fect may be potentiated by concomitant nutritional deficiencies. 
Thus, because of its widespread use and multiple effects, ethanol 
has a major impact on overall nutritional status. 

Table 1. Alcohol-Nutrition Interactions 



1, Primary Malnutrition (deficient intake) 

— "empty" calories 

— economic factors 

— impaired appetite secondary to GMiver disorders 



2, Secondary Malnutrition (deficient nutrient utilization) 

— ethanol -induced GI damage (maldigestion-malabsorption) 
^ deficiency induced intestinal dysfunction 

— energy wastage 

— decreased activation or increased inactivation of nutrients 



Effects of Alcohol Abuse on the 
Gastrointestinal Tract 

Ethanol may affect the stomach in a number of ways. Acid 
secretion may be increased as a result of direct stimulation, vagal 
effects, or gastrin release (Chey, 1972), Higher acid levels may 
secondarily increase absorption of iron (Charlton et al., 1964). In 
addition to stimulating acid secretion, ethanol disrupts the mu- 
cosal barrier (Davenport, 1969) and is an accepted cause of acute 
gastritis. This mechanism may be one of the ways by which al- 
cohol diminishes dietary intake. Alcohol may also impair gastric 
emptying (Barboriak and Meade, 1970), Chronic ethanol ad- 
ministration first results in increased mean daily acid secretion 
and then gradually decreases it (Chey et al., 1972). The role of 
alcohol in the genesis of duodenal and gastric ulcer and chronic 
gastritis remains unsettled ( Lorber et al., 1974), 

Alcohol has also been shown to be directly injurious to the 
small intestine (Rubin et al., 1972). Acute administration of eth- 
anol (1 g/kg) p,o. results in endoscopic and morphologic lesions 
in the duodenum (Gottfried et al,, 1976), Previous failure to ob- 
serve such lesions may have been due to the transient and patchy 
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nature of these lesions (Pirola et al., 1969). Experimentally, such 
lesions are related to the concentration of ethano! used, with the 
greatest damage resulting from those solution? with the highest 
concentration of ethano! (Baraona et aL, 1974), These correla- 
tions are shown in figure 1, 

Acute administration of ethano! may impair the absorption 
of many nutrients and experimentally results in alterations in 
mucosa! enzymes (Israel et aL, 1969; HiUman, 1974; Baraona et 
ah, . 19.74). Studies with oral and intravenous alcohol have re- 
vealed aii inhibition of type I (impeding) waves in the jejunum 
and an increase in type III waves (propulsive waves) in the ileum 
{Robles et ah, 1974), These changes have been proposed as a 
possible mechanism of the diarrhea observed in binge drinkers. 
Ingestion of ethanol has recently been demonstrated to result in 
release of secretin from the duodenum (Straus et aL, 1975), 

Figure 1. Varying Concentrations of Ethanol on Rat Small 
Intestine 4 
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PERCENTAGE OF MUCOSAL AREA 
DISPLAYING HEMORRHAGIC EROSIONS 

Varying the concentration of ethanol administered intragastrically (in a 
dose of 3 g/kg) affects the severity of damage in the proximal 20 em of 
rat small intestine. Each animal is represented by a dot. 



From Baraona et al^ 1974, Copyright 1974 by The Williams & Wilkins Co, 



i €L Hit. 



5y 



60 



LIBBER 



The effect of chronic ethanol consumption on intestinal func- 
tion is complicated by the concomitant effects of nutrition. In- 
deed malnutrition itself may lead to intestinal malabsorption 
(.James, 1968; Mayoral et al., 1967); folate depletion, which is 
common in alcoholics, has been especially implicated in this re- 
gard (Winawer et al.. 1965; Halsted et al., 1971, 1973; Hermos 
et al 1972). Impaired absorption of folate, thiamine, B 12 , xylose, 
arid fat have been described in alcoholics; they recover after with 
drawal from alcohol and institution of a nutritious diet (Linden- 
baum and Lieber, 1971; Tomasulo et al., 1968; Roggin et al., 
1969; Mezey et al., 1970; Halsted et al., 1971). The absorption of 
water and electrolytes from the jejunum was studied in 10 alco- 
holics using a triple-lumen Ulbe perfusion system (Krasner et al., 
1976). The mean rate of-afisorption of water in the alcoholic sub- 
jects (50.e*t 2,3 ml/hr/was significantly low£r~'(p < 0.001) than 
the mean value in 14 heiithy control subjecti4^| ' 15.9 ml/hr). 
Significant reduction in N^^d-Cl^absoj^teoi 
strated in the alcoholic subjects. These results 
holies, after acute alcohol abuse, may have a funct 
ment of water and electrolyte absorption from the jejuni! 
dysfunction may, in part, account for symptoms such asl 
that may be present (Krasner et al., 1976), However, genei 
biochemical evidence of malabsorption correlates poorly with in- 
testinal symptoms in the alcoholic (Lindenbaum and Lieber, 
1975). Food intolerance, particularly of lactose, secondary to de- 
fective intestinal digestion, could contribute to the production of 
these symptoms. Low lactase activity in adulthood exists in a 
majority of the world's population (Bayless et al.. 1971). Further, 
more, location of lactase on the villi (Nordstrom et al., 1968) 
makes those structures vulnerable to the corrosive effect of lu- 
minal toxins such as alcohol (Baraona et al., 1974, 1975). Indeed, 
disaccharidase activities often decrease with intestinal injury 
(Herbst et al., 1970; Berchtold et al., 1971; Giannella et al., 

1971). • ■ 

To ascertain whether or not alcohol ingestion aifects intestinal 
disaccharidase activities and influences the incidence of sympto- 
matic lactose intolerance, lactase activity and lactose tolerance 
were studied in alcoholics and nonalcoholics. Two human popu- 
lation groups with genetically determined low and high intestinal 
lactase levels, namely blacks and whites of Northern European 
origin, were observed (Perlow et al., 1977). After an overnight 
fast biopsies of the jejunum were obtained with a Qumton Multi- 
purpose Suction Biopsy Tube positioned fluoroscopieally at the 
level of the ligament of Treitz. When measured within 10 days of 
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Figure 2, Comparison of Jejunal Lactase Activity (Per Oral Biop- 
sies) in Black and White Males, With and Without a His- 
tory of Recent Alcoholism 3 



>- 
I— 


10 - 
8 - 


BLACKS 

i 
i 
i 

i 
i 

! 
! 
1 


• 


WHITES 

: • 

i 

i 

! • ' 

! 
t 
i 


ACTIVI 
ISSUE) 


6 - 


i 

i 
[ 
i 

• i 

i 

I 


• 


i 

i : 
j *» 


h- 

LU 

CO CP 
< ^ 


4 - 


i 

! 

1 

j 

• ! 


• 

• 


J • 

i 
i 
i 
i 
i 


O 
< 


2 - 


1 
1 
I 

___•_____! 


• 
# 


i 
i 

! .• 

1 




0- 


Sm ! „JL„ 




1 

i ii 



CONTROLS ALCOHOLICS CONTROLS ALCOHOLICS 
p<0,OI N.S. 



Comparisons were made of jejunal lactase activity per oral biopsies, be- 
tween 21 black and 19 white males of similar nutritional status, with and 
without a history of recent alcoholism. All black alcoholics had lactase ac- 
tivity lower than 1 U/g, but only 50 percent of nonalcoholic blacks were de* 
ficient (p < 0.01). The difference among whites was not significant. 



a From Perlow et a!,, 1977. Copyright 1977 by The Williams & Wilkins Co. 



alcohol withdrawal, sucrase activity was decreased by 88 percent 
in the alcoholics. Lactase activity was less than 1 LJ/g in 100 per- 
cent of the black and 20 percent of the white alcoholics as com- 
pared to 50 percent of the black and none of the white controls. 
The results are shown in figure 2, Lactase activity was virtually 
absent in 45 percent of the black alcoholics, 

A second jejunal biopsy following an additional 2- week period 
of alcohol abstinence exhibited significant secondary increases in 
the activities of botfi disaccharidases, Oral administration of lac- 
tose (1 g/kg body weight) resulted in significantly lower blood 
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Figure 3. Correlation Between Peak Blood Glucose Concentra- 
tion and Severe Symptoms of Intolerance After Admin- 
istration of Lactose 3 
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This figure shows the correlation between the peak rise in blood glucose con- 
centration and the incidence of severe symptoms of intolerance after admin- 
istration of lactose, A strikingly increased incidence of severe lactose intoler- 
ance was found in the group of black alcoholics, 

a From Perlow et al., 1977, Copyright 1977 by The Williams & Wilkins Co, 

glucose concentration and higher incidence of adverse effects in 
alcoholics^ mainly among the blacks, These results are shown in 

figures, , 

The mechanism for the disaccharidase depression m alcoholics 
has not been fully elucidated. Because these effects' were observed 
in alcoholics without nutritional deficiencies, the reduction in 
disaccharidase activity appears to be an effect of chronic alco- 
hol ingestion per se, ■' 1 

Ethanol administration to human volunteers for 8 to 6 days has 
been reported* to inhibit glycolytic and gluconeogenic intestinal 
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enzyme activities (Grt*enu et aL, 1974), Similar, depressions of in- 
testinal d isacc h arid asu as well as alkaline phosphatase activities 
have been produced in rats ingesting alcohol either acutely or 
chronically with nutritionally adequate diets (Baraona et ah, 
1974), The dose of ethanol given these rats resulted in ethanbl 
concentrations within the intestinal lumen comparable to those 
found in human subjects after drinking (Halsted et aL, 1973), 

Evidence of gut injury and subsequent regeneration of intest- 
inal epithelium has been found in rats fed ethanol-containing 
dietl ( Barabna et ah, 1974) and in humans endoscoped after con- 
trolled alcohol administration (Gottfried et aL, 1976). The con- 
comitant (improvement in disaccharidase activities and increase in 
mitotic activity aftef alcohol abstinence (Per low et ah, 1977) are 
consistent with the possibility of regeneration. However, it is in- 
triguing that the time required for the disaccharidase activities to 
improve was considerably longer than that expected for the epi- 
thelium to' regenerate. It is possible that these effects may not 
merely reflect villus cell desquamation, but also may reflect 
altered cell renewal or maturation. 

The low values of lactase activity in the jejunal biopsies of alco- 
holics were also accompanied by poor lactose absorption, as meas- 
ured by the rise in blood glucose concentration after an oral load. 
Apparently the alteration produced by alcohol was not restricted 
to the upjber segment of the jejunum, but was sufficiently extended 
to impair total lactose absorption. This effect was again more ap- 
parent in the black alcoholics. Lactose malabsorption was associ- 
ated with increased incidence of colic, diarrhea, and a dumping- 
like syndrome severe enough to require medical attention. Thus, 
disaccharidase deficiency in alcoholics may not be only an indica* 
tion of the damaging effect of alcohol on the intestinal epithelium, 
but the association may also lead to increased morbidity from pri- 
mary lactase deficiency, a rather common disorder, 

As little as 3 g of lactose has been shown to produce symptoms 
in individuals with low intestinal lactase activities (Bedine and 
Bayless, 1973). Thus; milk intolerance may be unmasked or exag- 
gerated in those populations where both alcoholisrn and geneti- 
cally determined low lactase levels are common. In view of the 
likelihood of significant milk intolerance in alcoholics, the com- 
mon practice of liberal milk supplementation for "nutritional 
'restoration" ©r the treatment of gastritis or ulcer-associated symp- 
toms should be reconsidered, particularly in ethnic groups (such as 
blacks) with preexisting low lactase activities. 

The acute and chronic effects of alcohol on small intestine 
function may be potent: ?p d by concomitant alterations in pan- 
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creatic function, bile Halts, and small intestine flora. However, in 
patients with cirrhosis, steatorrhea (fecal fat greater than 30 g/24 
hrs on a 100 g fat/d diet) is relatively uncommon and in one series 
was present in only 9 percent of cages (Linscheer, 1970), 

Portal hypertension hais also been postulated as a cause of mal- 
absorption (Losowsky and Walker, 1969). Finally, specific thera- 
peutic interventions, such as neomycin, may by themselves cause 
malabsorption ( Faloon, 1970), Chronic pancreatitis may lead to 
pancreatic insufficiency in the alcoholic and may contribute to 
steatorrhea" and malabsorption. Acute pancreatitis may result in 
diminished dietary intake and severe fluid and electrolyte disturb- 
ances. Both acute and chronic pancreatitis may cause alterations in 
glucose tolerance. 

Acute and chronic alcohol administration as well as alcoholic 
liver disease have been noted to alter bile salt metabolism. Acutely, 
administration of ethanol intravenously or into the jejunum de- 
creases intraluminal bile salts (Marin et aL, 1973), Chronic ethanol 
feeding, in the rat prolongs the half excretion time of cholie and 
ehenodeoxyeholic acid, increases the pool size slightly, and de- 
creases daily excretion (Lefevre et aL, 1972), 

Alcohol, Malnutrition, and the 
Pathogenesis of Alcoholic Liver Injury 

The question of the respective roles of alcohol and malnutrition 
in the pathogenesis of liver disease seen in the alcoholic (fatty 
liver, alcoholic hepatitis, and cirrhosis) is significant^hoth for the 
prevention and the treatment of the disease. The resolution of this 
question has been exceedingly difficult for several reasons: the 
unreliability of alcoholic populations, the variability of disease 
expression, the difficulty of accurate nutritional evaluation, and 
the long- term course of pathogenesis, 

Malnutrition has been proposed as the predominant factor pro- 
ducing liver injury for several reasons, Each gram of ethanol 
provides 7.1 cal, which means that 20 oz (586 ml) of 86-proof (43 
percent v/v) beverage represents about 1,500 cal, or one-half to 
twO'thirds of the normal daily caloric requirement. Therefore, 
alcoholics have a much reduced demand for food to fulfill their 
calorie needs. Because alcoholic beverages do not contain signifi- 
cant amounts of protein, vitamins, and minerals, the intake of 
these nutrients may become readily borderline or insufficient. 

Economic factors may also reduce the consumption of nutrient- 
rich food by alcoholics. In addition to acting as "empty" or 
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"naked" calories, alcohol can result in malnutrition by interfering 
with the normal processes of food digestion and absorption (Lin- 
denbaum and Lieber, 1975), For all these reasons, deficiency dis- 
eases readily develop in the alcoholic. In rodents, severely defi- 
cient diets result in liver damage even in the absence of alcohol. 
Extrapolation from these animal results to humans led to the 
belief that in alcoholics, the liver disease is due not to ethanol but 
solely to the nutritional deficiencies. Thus, given an adequate diet, 
alcohol is merely acting by its caloric contribution and is not 
more toxic than a similar caloric load derived from fats or starches 
(Best et ah, 1049), This opinion prevailed, despite some statistical 
evidence gathered both in Prance (Pequignbt, 1962) and Germany 
(Lelbach, 1967), which indicated that the incidence of liver 
disease correlated with the amount of alcohol consumed rather 
than , with deficiencies in the diet, A major challenge to the con- 
cept of the exclusively nutritional origin of alcoholic liver disease 
arose from an improvement of the method of alcohol feeding to 
experimental animals, Indeed, when the conventional alcohol feed- 
ing procedure is used, namely when ethanol is given as^ part of the 
drinking water and when the diet is adequate, rats usually refuse 
to take a sufficient amount of ethanol to develop liver injury. 

This aversion of rats to ethanol was counteracted by the intro- 
duction of the new technique of feeding ethanol as part of a 
nutritionally adequate, totally liquid diet (Lieber et al., 1963; 
Lieber et al., 1965; DeCarli and Lieber, 1967), Using this pro- 
cedure, ethanol intake was sufficient to produce a fatty liver de- 
spite an adequate diet. This technique is now widely adopted for 
the study of the pathogenesis of the fatty liver in the rat In addi- 
tion to the fatty liver, ethanol dependence developed in these rats, 
as witnessed by typical withdrawal seizures after cessation of alco- 
hol intake (Lieber and DeCarli, 1978), 

Having established an etiologic role for ethanol in the patho- 
genesis of the experimental fatty liver, the question of its impor- 
tance for the development of human pathology remained. To de- 
termine whether ingestion of alcohol, in amounts comparable to 
those consumed by chronic alcoholics, is capable of injuring the 
liver even in the absence of dietary deficiencies, volunteers (with 
or without a history of alcoholism) were given a variety of non- 
deficient diets under metabolic ward conditions, with ethanol 
either as a supplement to the diet or as an isocaJoric substitution 
for carbohydrates (Lieber et al., 1963; Lieber et al., 1965; Lieber 
and Rubin, 1968), In all these subjects, ethanol administration re- 
sulted in fatty liver development that was evident by both mor- 
phologic examination and by direct measurement of the lipid 
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content of the liver biopsies. These findings revealed a rise in tri- 
glyceride concentration up to 15-fold. 

The etiological role of alcohol per se (in the absence of dietary 
deficiency) in the pathogenesis of alcoholic liver injury has now 
been extended from the fatty liver to the full spectrum of liver 
disease, including cirrhosis. This result was achieved by using an 
experimental model developed in the baboon (Lie her and DcCarlL 
1974), in which the sequential development of all the liver lesions 
seen in the human alcoholic was reproduced. Of 23 baboons fed 
ethanol, all developed fatty liver, 5 progressed to mild hepatitis, 
and 6 had cirrhosis. An example is shown in figure 4. Maintenance 
of a nutritionally adequate regimen despite the intake of inebri- 
ating amounts of ethanol (50 percent of total calorics) was achieved 
by incorporation of the ethanol in a totally liquid diet. On ethanol 
withdrawal, signs of physical dependence such as seizures and 
tremors developed, Ultrastructural changes of the mitochondria 
and the endoplasmic reticulum were already present at the fatty 
liver stage and persisted throughout the cirrhosis, The lesions were 
similar to those observed in alcoholics and differed from the alter- 
ations produced by choline and protein deficiencies.. At the fatty 
liver stage, some -'adaptive" increases in the activity of micro- 
somal enzymes (aniline hydroxylase and the microsomal ethanol 
oxidizing system) were observed; the increases tended to disappear 
as hepatitis and cirrhosis developed. Fat accumulation was also 
more pronounced in the animals with hepatitis, as compared with 
those with simple fatty liver (an 18-fold compared to a 3-- to 4* 
fold Increase in liver triglycerides). 

The demonstration that these lesions can develop despite an 
adequate diet indicates" that in addition to correction of the nu- 
tritional status, control of alcohol intake is mandatory for the 
management of patients with alcoholic liver injury. Also, ethanof 
per se must be considered a direct etiological agent in the patho- 
genesis of alcoholic liver injury, independent of dietary factors 
(Lieber et aL, 1975). This finding, however, does not preclude the 
possibility that dietary factdrs may contribute to and potentiate 
the alcohol effect, which had previously been shown to be the 
case in rats (Lieber et ah, 1969), No similar studies are available 
for humans, 

i 

The Nutritional Value of Alcoholic Beverages 

Ethanol liberates 7.1 kcal/g, but does not provide equivalent 
caloric food value when compared tq carbohydrate, As shown in 
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Figure 5. Effect on Body Weight of 2,000 Kcal Ethanol and 
Chocolate* 
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The nme subjects were administered ethano! and chocolate at different 
times. The dotted line represents the mean change during the control period. 



a From Firola and Lieber, 1972, Copyright 1972 by B, Karger (Basel), 
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Figure 6, Body Weight Changes After Isocaloric Substitution of 
Carbohydrate for Ethanol* < . ' <■ , 
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Body weight changes after isocaJorie substitution of carbohydrate (50 percent 
of total calories) by? ethane! were recorded for 11 subjects (means ± standard 
errors). Hie dotted line represents the mean change in weight in the control 
period, • 

a From Pirola and Lieber, 1972, Copyright 1972 by 8, Karger (Basel). 

figure 5 t gain in body weight is significantly lower with ethanol 
than with isocaloric amounts of carbohydrate (Pirola and Lieber, 
4,972)1 Isocaloric substitution of ethanol for carbohydrate as 50 
percent of total calories in a balanced diet (as shown in figure 6), 
results in a decline in body weight (Pirola and Lieber, 1972). One 
interpretation of this lack of weight gain with ethanol, compared 
td mother sources of dietary calories; is the -possibility that chronic 
alcohol intake increases the energy requirements of the body* If 
this were the case, a higher rate of oxygen consumption should 
be reflected. Indeed, in rats fed alcohol as part of their tdtally. 
liquid' diet, oxygen consumption was slightly but significantly 
higher than that of animals pair-fed Lhe isocaloric diet containing 
carbohydrates instead of ethanol (Virola and Lieber, 1978). ^ 

Among the many mechanisms that could be postulated. to ac- 
count for an inefficient use of ethanol calories, one involves the 
energy wastage secondary to an induction of liver microsome 
pathways, ^ \ 

Efficient utilization of the calories of ethanol would be antici- 
pated from a consideration of its major metabolic pathway, which 
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involves the hepatic cytosolie enzyme alcohol dehydrogenase 
(ADH), 





CH 3 CH 2 OH, 

3 ATP H 2 0 
electron transport chain mO^ 



From an energy point of view, this process appears to be an 
economical one, because the associated production of NADH sup- 
plies the electron transport chain wijth hydrogen equivalents and 
yields high-energy phosphate bonds. In addition to the ADH 
pathway, ethanol is alio metabolizpd via a hepatic microsomal > 
ethanol-oxidizing system (MEOS) ,|Lieber and DeCarli, 1970),/ 
The exact quantitative significance /df the enzyme system in vivo 
remains uncertain, but studies indicate that it could normally in- 
volve 20 to 25 percent of the oxidation of ethanol (Lieber and 
DeCarli, 1972,) and much more af^er chronic ethanol consumption 
—particularly at high ethanol concentrations (Matsuzaki et.al., 
1977). The potential importance/ of this mechanism on the body's 
calorie balance lies in the fact that, in contrast to the ADH path- 
way, MEOS results in the loss of chemical energy from both/the 
substrate and the cofactor (NA^PH) without any known effective 
coupling to ATP synthesis, 

CH3CH2OH + NADPH ^ H* + 0 2 



CH3CHO + 



MEOS 
NADP + 2H 2 0 V 



. Presumably, the chemical energy is dissipated as heat arid, inso- 
far as it exceeds the body's theitaoregulatory needs, represents an 
inefficient use of ingested calories. It is of interest that similar 
considerations apply to the oxidation of other drugs and endog- 
enous substrates (such as steroids) by hepatic microsomal drug- 
metabolizing enzymes, These oxidations have the following gen- 
eral formula: 



RH + NADPH + H + + 0 2 - — -*ROH + NADP + + fH 2 0 

The proposed hypothesis (Pirola and Lieber, 1978) is thafcthe 
inefficiency of microsomal drug-metabplizing enzymes could be of 
quantitative significance in the energy \balance of the ^body during 
the repeated intake of drugs, especially sthanoL 
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The hypothesis is in keeping'with other animal studies in which 
metabolic rates were increased by the administration of ethanol 
and barbiturates in doses known to induce hepatic microsomal 
enzymes. Thus, pretreatment with barbiturates enhanced oxygen 
consumption in rats tested under various conditions— in the ab- 
sence of drugs, during hexobarbital anesthesia, and after the ad- 
ministration of aminopyrine (Pirola and Lieber, 1975), 

There are, of course, many metabolic pathways in the body 
that are not effectively linked to ATP synthesis, These pathways 
contribute to the net wastage of calories to give a less-than-opiimal 
overall efficiency of the body, In this respect, the microsomal 
drug-metabolizing enzyme system is unique in its extraordinary 
versatility and in its ability to be induced by a wide variety of 
agents, 

Another major theory for the explanation of the hypermeta- 
bolic state produced by ethanol is an increased utilization of ATP 
by the Na + -K* -activated ATPase after chronic ethanol feeding, 
Israel et aL (1975) reported that in liver slices, ouabain, an inhib- 
itor of the Na*-K + -aetivated ATPase, can completely block the 
extra ethanor metabolism elicited by chronic ethanol treatment. 
Dinitrophenol increased the rate of ethanol metabolism in the 
livers of the treated animals only in the presence of ouabain. 

The theory that increased utilization of ATP by the Na*-K*- 
activated ATPase (and the resultant lowering of the phosphoryla- 
tion potential) is responsible for the metabolic adaptation that 
occurs in rats after chronic ethanol treatment, and that a situation 
develops that is very similar to that found after administration of 
thyroid hormones or epinephrine, is intriguing, Qertainly, the in- 
fluence of ethanol consumption on hormonal actions deserves 
. further investigation. To date, few studies have been performed 
to confirm these observations. 

Under the conditions used by Israel et al.< (1975), ethanol eon- 
sumption did not result in liver changes comparable to those seen 
in human alcoholic liver injury; for instance, no fatty liver was ob- 
served. Under conditions that mimic the clinical situation with de- 
velopment of fatty liver, chronic ethanol consumption was not 
found to be associated with increased ATPase activity (Gordon, 
1977), and the increase in the rates of ethanol metabolism after 
chronic ethanol consumption could not be abolished by ouabain 
(Cederbaum et al. f 1976), These findings indicate that the theory 
of enhanced ATPase activity may not be applicable to the situa- 
tion that normally prevails after chronic alcohol consumption, 
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Discussion of Papers 
by Smith and Lieber 



Dr. Mc6onaid: Dr. Li has asked me to mention that Dr. Margen 
and I, in our experiment with humans at the University of Cali- 
fornia in Berkeley, observed a similar weight loss in nonalcoholic 
human volunteers who were placed on an adequate diet. This was 
not one of the purposes of the experiment; but when nonalcohol- 
i cs were on an alcohol phase of the experiment, they consistently 
lost weight, We also observed no decrease in absorption in energy- 
containing substances. So this would confirm what Dr. Lieber has 
just said. If the MEOS can be blamed for the wasted calories, it 
wpuld seem that even less than 36 percent of the total calories as 
alcohol would induce this system, because our subjects were re- 
ceiving 22 to 25 percent of the calories as alcohol. 

Dr. Lieber: Here is a very important point, because we never 
went down to that low level I guess we were anxious to have a 
nicer effect, perhaps; that is why we used a larger amount. It is 
important to know that even this relatively modest intake is as- 
serting a similar effect. 

D X , Vallee: This is not a question at all, but rather a comment 
on Dr. Smith's discussion, It is the implication that, by measuring 
metal contents in sera, one can establish criteria regarding nutri- 
tional status. I am sorry I did not hear about your new jndexes 
for measurement of alcohol intake— which T surely hope you will 
tell us about— but I think that deserves a particular comment. 

The amount of zinc which is around is distributed into mul- 
tiple systems. Of the 92 zinc-containing enzymes, none is found 
in serum. Alcohol dehydrogenase was never detected in serum, so 
whatever moiety of that enzyme has anything to do with what we 
are talking about, it is not likely to be found there. As a matter of 
fact, I am unaware of a zinc transport protein, and I am unaware 
of a zinc absorption protein in the sense in which that is known 
about copper. I know Dr. Hurley is working on something. But we 
have tried for 30 years, and other people have, and^we have not 
been able to find it. 

So when there is a change in zinc concentration in serum, I have 
not the faintest notion what that means in these terms. In spite of 
the fact that I reported some myself in the past and attempted just 
■ like anybody else to try to understand what that could mean, I 
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have the excuse now, which I had then, too, that I did not know 
anything about it. J do not know any more. However, I think it is 
about as wise to do zinc analyses, to assault that question in 
serum, as it would he to do carbon, hydrogen, nitrogen, oxygen, 
or sulfur determinations, on serum, It will tell you something, but 
I don't know what, 

Dr. Schenker: Dr. Vallee, perhaps you would like to tell us 
which tissues are the most sensitive to changes in fine content for 
picking up m zinc-deficiency state, say of first marginally, and then 
subsequently severe, deficiency. 

Dr. Vallee: None that I know of. That does not mean there 
aren't any, - ' ■ 

Dr. Schenker: That is interesting, because it was my under- 
standing that other workers have sho\vn that bone and testes 
might be more sensitive to changes due to inadequate zinc intake 
than say, Hver or other tissues, Perhaps I am wrong in that. 

Dr. Vallee: Yob were asking a 0 very specific question, and I 
gave you a very specific .answer, I did not jay that zinc deficiency 
- would not manifest in certain tissues in a certain manner and 
preferentially in some of their metabolic behavior. Dr. Falchuk . 
discussed this extensively in Euglena gracilis and showed you how 
difficult it is to run it down— where you might ultimately find 
evidenejKpf a leSion. What is the limiting step of a reaction, as 

^you saw, is extraordinarily difficult to establish. It is true that 
certain organs seem to be preferentially affected, but analysis of 
zinc content in tissues is probably too gross a measurement for 
the diagnosis of zinc-deficiency state, 

Dr. Lester; I would like to ask Charles Lieber a question. You 
have emphasized the importance of alcohol in the production of 
various forms of pathology, as .against changes in nutritional 
status. Specifically, with liver disease, you have shown beau- 
tifully that alcohol per se can produce a variety of forms of liver 
disease without deprivation of calories or other nutrients. My 
question is, can any of the phenomena of alcoholism, histologic 
or biochemical, be modified in the presence of either caloric 
deprivation or deprivation of other specific nutrients? 

Dr, Lieber: Well, there are certainly circumstances where 
adding insult to injury and adding malnutrition to alcohol would 
aggravate the situation. In "1969, as a matterof fact, I had a paper 

\ in the Journal of Lipid Research which demonstrated that adding 
protein malnutrition to alcohol would accelerate the development 
of a fatty liver. So in that particular case, one looks at fatty liver 
as an end point, and the combination of protein malnutrition and 
alcohol certainly had much more striking effects than malnutrition - 
alone or alcohol alone. -— • 
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But that was with fatty liver, and the question is, what about 
cirrhosis? The situation is much more complicated, and I am not 
sure that at this point we have an answer. Under certain circunv 
stances, certainly malnutrition by itself, severe malnutrition in ex* 
perimental animals, can result in severe liver damage, including 
some cirrhotic changes, Under other circumstances, protein de- 
ficiency; for instance, may protect against the action of known 
cirrhogenie agents, Carbon tetrachloride cirrhosis, for instance, 
can be prevented by a low protein diet. There has been a puzzling 
observation published in Scandinavia where they claim that the 
incidence of cirrhosis in "skid row" alcoholics may be lower than 
that in better nourished alcoholics. Of course, you know that 
childhood cirrhosis in India occurs in the well-to-do families 
rather than in the poor ones, 

So I think it is a complex question. We need more data, and we 
are trying to get them now, We are trying to study in our baboon 
the relationship between protein malnutrition and alcohol in the 
development of cirrhosis. Unless we have an experimental answer, 
I would not want to give you a theoretical answer bemuse I could 
imagine a situation where excess protein might be detrimental. As 
we have studied recently, alcohol impairs the secretion of protein 
from the liver, and results in protein accumulation in the liver. We 
feel that this protein accumulation might, under certain circum- 
stances, < be detrimental to the liver. So under those conditions, 
excess protein might conceivably not be beneficial. On the other 
hand, of course, protein deficiency by itself has some damaging 
effects. Because of the complexity of the situation, I would not 
want to give you a black and white answer that affects the whole 
field of liver disease. Only in terms of fatty liver can I unequiv- 
ocally say yes; that is, protein deprivation potentiates the injurious 
effect of alcohol and we have demonstrated that experimentally, 



Determinants of Absorption 
from the Gastrointestinal Tract* 



John M. Dietschy 

This paper deals with two aspects of alcohol metabolism: 
(ly the mechanism of absorption of ethanol and other longer chain 
length alcohols and (2) the possible ways in which alcohol inges- 
tion might alter the rates of absorption of other nutrients across 
the gastrointestinal tract, In order to approach both of these 
subjects, it is necessary to review the general features of the 
various mechanism^ that determine the rates of solute transport 
across the intestine, 

The Two General Types of Transport Involved in the 
Movement of Solutes Across Biological Membranes 

i 

Many complex type! of transport systems have been described, 
but only two are probably important to explain the movement of 
most molecules into and out of many types of tissues, The first of 
these is usually designated as "simple passive diffusion" and in- 
volves the movement of individual solute molecules adross the 
lip id-protein • matrix of the cell membrane, Because such move- 
ment occurs across an 4 "infinite" number of sites in the membrane 
and is driven by the chemical activity of the molecule in the peri- 
cellular perfusate, the rate of such movement is usually a linear 
function of the concentration 1 of the solute molecule to which a 
given cell is exposed. As shown in panel I of figure 1, the rate of 
movement (J) of the solute molecule from the outside of the cell 
into the cytosolic compartment is equal to the product of the 



♦This work was supported by U.S. Public Health Service ^ants HL 09610, 
AM 16386, and AM 19329, 

As with all transport phe nomena, the velocities of the various processes to 
be described depend on the chemical activities of the solutes jnsolution and— 
not, strictly speaking, on their chemical concentrations. For tne sake of 
— eonvenie nWrnowever, in this review the terms ^eoneenfaation" or M mono* 
- molecular concentration** should be understood to mean chemical activity 
in the specific sense. 
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Figure 1. Several Experimental Situations Encountered During- 
the Monomolecular Movement of a Solute Molecule 
Across a Biological Membrane 
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In this diagram, Cg represents the concentration of the solute mojecule in 
the solution perfusing the outside of the cell membrane; Cg represents the 
concentration of the molecule in the aqueous phase in the cytosolic com- 
partment inside the ceil membrane. C m in panel IV represents the concen- 
tration of the solute molecule within the micellar phase, and K is a conven- 
tional partitioning coefficient dictating the relationship between and C2 
such that K = C m /C 2i 



concentration of the molecule in the bulk solution (C 2 ) and the 
passive permeability coefficient (P) for that particular solute 
crossing that particular membrane, 



J - (P)(C a ) 



(i) 



The passive permeability coefficient describes the amount of 
solute that crosses 1 cm 2 of the cell membrane per unit time per 
unit* concentration of the solute to which the membrane is ex- 
posed and so has units such as nmol/cm 2 /sec/(nmol/cm 3 ), which 
reduces to the conventional units used for P of cm/sec. , 

When this value is multiplied by. the concentratioh term, J 
describes a flux rate with the unite of mass of solute moving across 
1 cm 2 of jnembrane per unit time, e.g., nmol/cm 2 /sec, However, 
-in nearly "all experimental systems used to study intestinal trans- 
. port, the, membrane surface area is unknown, and the rate of 
movement is normalized to some other parameter of cell mass, 
such as mg of protein, g wet weight, or cm length. Under these 
conditions, the experimentally determined flux rates and passive 
permeability coefficients are designated J^* and P d , respec- 
tively, and hive units such as nmol/g tissue/sec (J d ) and* nmol/g 
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tissue/see/{nmol/cm - )(P d ). In such measurements, it is tacitly, 
assumed that the surface area of the cell membranes across which 
transport is occurring has a constant relationship to the parameter 
of tissue mass utilized and, further, that this relationship does not 
change under different experimental conditions. 

This relationship can he designated as S m , so that J d /S m equals 
J and P d /S m equals P. Thus, for example, if a flux, rate of 
10 nmol/g tissue/sec has been experimentally determined (J d ), and 4 * 
, if is known to equal 100 cm 2 /g tissue,' then a flux rate of 
0.1 nmol/crn 2 /sec can be calculated. However, values for S m are 
seldom known for experimental preparations, so most transport 
rates necessarily must be expressed as J^, The corresponding 
passive permeability coefficients also must be normalized to the 
same parameter of tissue mass (P d ) and so will not have the con- 
ventional units of cm /sec. 

Finally, it should be emphasized that P or P d describes the 
ability of a particular solute to penetrate a particular biological 
membrane and has meaning* independent of knowledge of C 2 . In 
contrast, the magnitude of J or J d has meaning only when one 
also knows the solute concentration at which the measurement 
was obtained. , 

The second type of transport important in the absorption of 
solutes involves the binding and membrane translocation of 
molecules by sites on the cell membrane, Because such a process 
involves the interaction of solute molecules with a finite number 
of transport sites on the cell membrane, the kinetics of uptake 
may be described by the following relationship, 

Here J m is the maximal velocity of transport the system can 
achieve and K m defines the concentration of the solute molecule 
at the aqueous-membrane interface (C 2 ) at which half the value of 
J m is achieved, Again, both J and J m should ideally be expressed, 
as the amount of solute transported per unit time per cm 2 of sur- 
face area. However, as discussed above, this definition is not 
usually possible in most systems of importance to the study of 
intestinal transport; so these two velocity terms again must be* 8 
normalized to some other parameter of tissue mass, and the terms 
J d and Jjf must be substituted for J and J m , respectively, in 
equation 2, « 
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Monomolecular Diffusion of Molecules Through 
an Infinite Number of Sites on the Cell Membrane 

Effect of Solute Interactions With Other Molecules in the 
Cytosoiic Compartment and in the Bulk Phase on 
Monomolecular Diffusion Rates 

As is evident from equation 1, the rate of molecular diffusion is 
determined essentially by only two factors— the concentration of 
the solute molecule in the perfusate bathing the cell membrane and 
the passive permeability coefficient for the molecule. Solutes may 
interact with other molecules in the bulk perfusate and/or cytosoiic 
compartment and markedly alter their fnonomolecular concentra- 
tions in solution; these interactions profoundly affect the rate of 
transmembrane movement, As shown in panel I of figure 1, the 
rate of movement of the solute from the bulk solution into the 
cell equals the product (C 2 )(P d ). However, as the molecule dif- 
fuses into the cell, the concentration of the solute in the cell water 
begins to increase so that there is movement of the molecule out 
of the cell at a rate equal to (C 3 )(P d ), 2 as shown in panel IL Thus, 
at any point in time, toe net flux of the solute into the cell is 
given by the following expression, * 

J3 et - (C 2 -C 3 )(P d ) (3) 

If the solute is not bound within the cytosoi, metabolized, or 
transported out of the cell, then C 3 must eventually equal C 2 and 
jnet muit gq Ua j p. Using a radiolabeled molecule, one can still 
demonstrate " the two unidirectional fluxes under this circum- 
stance, even though net movement has ceased. If, however, the 
solute is rapidly bound to a receptor molecule in the cytosoi, is 
-metaboH2edr=or=is-transported out, then C 3 is maintained lower 
than C 2 and there is a continuous net movement of the molecule 
to the cell at a rate described by equation 3, 

Finally, it should also be pointed out. that the direction of net 
\ movement can be reversed if the solute molecule is also being 
L generated within the cell. V'or example, in the fed state, the con- 
' centration of fatty acid outside the adipocyte is higher than that 
\ inside so that there is net entry otlipid into the cell, With stimula- 
\ tion of the hormone-sensitive lipase within the cell, however, C 3 

2l n this formulation, the call membrane is assumed to behave symmefeically 
1 with respect to passive peritiiability so ttiat the same value of P can be utij 
* liied regardless of the direction of molecular diffusion, Most experimental 
\ data suggest that this assumption is correct, 
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greatly exceeds G 2 > and there is net movement of fatty acid 
out of the cell. v * 

Interactions of the solute with mplecules in the bulk perfusate 
also can markedly influence the rate of .both unidirectional and 
net solute movement* For example, in vivo steroid hormones are 
usually bound to carrier proteins in plasma; fatty acids are largely 
bound to albumin. In in vitro experiments, steroids and fatty 
acldi are commonly added to the perfusate using various proteins, 
solvents, or detergents to increase their ^< lolubilfty i ,, In such cases, 
however, the term "solubility'* is misleading: Although the total 
amount of the solute dispersed in the aqueous phase may be high, 
the actual amount of the solute in true solution and available for 
reaction with the membrane (C 2 ) may still be exceedingly low. 
Furthermore, the interactions between the solute and the carrier 
molecule are often complex ahd, if not taken into consideration, 
may interject marked artifacts into the interpretation of the 
kinetics of the uptake process. An example of this is shown in 
panel IV, where it is assumed that a solute molecule is *'solubU-j 
ized" in the bulk perfusate by using detergent-like bile acids that" 
form micelles and that the ratio of the concentration of the solute 
in the micelle! (C m ) and in the aqueous phase (Gg^can be defined 
in terms of a conventional partitioning coefficient (K). Under 
these conditions, the following relationship would be true. 

KC 2 = C m f (4) 

This equation can be rewritten to yield 

where M w and M m are the masses of the solute molecule in the 
wate> and micellar phases, respectively, and V w and V m represent 
the volumes of the aqueous and micellar phases, respectively* 3 
M m equals the total mass of solute in the system (M t ) minus thai 
in the water phase (M w ), so the., expression M t - can t)e 
substituted for M m in equation 5 and, after rearranging terms', the 
following expression is obtained, j 



V KV + V 



(6) 



°The volume of the micellar phase can be calculated from the concentration 
of detergent in the perfusate and its appropriate partial specific volume? 
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From this ^kp^essi6n f the. rate of up Jake, of the* solute can be cal- 
culated because J§ €t is proportional to the tenri*M^/V w ; Le. B to 
C 2 (assuming for the purposes of this illustration trjat C 3 is 0). 

The curves shown in figure 2 hav<e been derived by this equation 
to illustrate the .effect of altering the relative concentration of the 
detergent and solute on rates of intestinal uptake of the solute 
molecule, In panel I, the concentration of the detergent is kept 
constant while that bf the solute is increased, As is evident, under 
this circumstance, J§ et increases in a linear relationship to the 
total concentration of the solute in the perfusate, "but- the 
magnitude of the uptake rate is markedly dependent on When 



Figure 2, Theoretical Relationship 6 Between the Rate*of uptake 
of a Solute Molecule" and the Concentration pf That 
Molecule in the Perfusate . , . 
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Her© the solute U partially dissolved in a detergent micelle, Panel I inus-* 
trates the situation where the concentration of micejJa^kipt' constant while 
the concentration of the solute is progressively increasedrm#e opposite situa- 
tion is illustrated in panel II: The concentration of solute is kept constant 
while the concentration of micelles is increased, Panel HI illustrates the^tua- 
fcion in which the concentration of both the micelles and solute is increased- 
in parallel so that* the molar ratio between these two components of the solu- 
tion remains constant, ■ 
In each case, the results are shown for two experimental situations where 
the partitioning coefficient for the solute molecule into the micellar phase is 
eithei high or low. In this diagram, the units of solute uptake and concentra- 
tion are arbitrary relative values, These illustrations, however, are based on 
specific calculations as given in reference (1), 
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the total concentration of the solute is kept constant and the 
concentration of the determent is increased, the rate of uptake 
declines in a curvilinear fashion and, again, the absolute value of 
J|] <4T is marktslly in flue nee J by K. 

Of particular Importance is the set of curves shown in panel III* 
where the concentrations of both the solute and the detergent 
have been increased in parallel so that the ratio between the two 
is constant. In this circumstance, the relationship between J|j et 
and the toti concentration of solute superficially resembles a 
^saturable** kinetic curve. Thus, the point to be emphasized is 
that when uptake rates of solutes are measured from a solution 
containing other molecules with which thf? Solute can interact, the 
observed values of may he determined as much by events 
within the bulk solution as by the kinetic characteristics of the 
transport system in the biological membrane under study. Under 
such circumstances, it is nearly impossible to interpret the meaning 
of relative rates of uptake of different solutes or of the kinetic 
characteristics of the uptake process unless appropriate mathe- 
matical pr experimental corrections can be made to distinguish the 
true concentration of the molecule in solution {C2) from the total 
concentration of the molecule {C\) in the perfusate (1). 

# 

Effect of Membrane Polarity on Rates of 
Monomolecular Diffusion 

The second major factor influencing the rate of molecular dif- 
fusion of lipids across cell membranes is the passive permeability 
coefficient for the solute {eq, 1), The value of P is unique for a 
"given solute passing through a given membrane and is determined 
by the polar characteristics of =both the solute and the membrane. 
Thus* for a particular solute molecule, P can be described by^the 
following oxpre&ion (2,3). ^ 



Here K m . D mi and d m represent, respectr My, the partitioning, 
coefficient for the solute molecule between the lipid pnase of the 
cell membrane and the'aqueous phase of the perfusate, the dif- 
fusion coefficient for the solute in: -the membrane, and the effec- 
tive thickness of the membrane (2). The partitioning coefficient 
is the overwhelmingly important term 4n determining P because 
d m is relatively constant for most biological membranes; for most 
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solutes, D m varies over a narrow range and the values of K m may 
vary over a range as great as ID 10 (2,3). Thus, the values of P 
vary directly with the value of K m for a particular cell membrane, 
•Recognition of this relationship has provided a useful way to 
assess and compare the "functional" polarity of mennbranes from 
different biological systems. For example, as illustrated in figure 3, 
the logarithms of the passive permeability coefficients for a series 
of fatty acids in a particular cell membrane have been plotted 
against the logarithms of the partitioning coefficients of these 

Figure 3, Comparison of Passive Permeability Coefficients (P) 
for a Series of Fatty Acids With the Partitioning Coef- 
| v ficients of These Same Molecules Between Bulk Buffer 
Solution and a Bulk Organic Solvent 




In PASSIVE PERMEABILITY COEFFICIENT(P) 
IN A BIOLOGICAL MEMBRANE 

The logarithm of K is plotted in arbitrary units on the vertical axis; the 
logarithm fit P U shown on the horizontal axis. Line A represents the situa* 
tion in which the polarity of the bulk solvent and that of the membrane 
lipids are icfenticaL; line B represents the Nation where the organic solvent 
is less polar; and line C represents the sit. ation where the solvent is more 
polar, 
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same fatty acids into three different bulk organic Solvents. As 
illustrated by line A, the addition of each CH 0 - group to the 
solute has the same relative effect on increasing the movement of 
a molecule across the membrane or in increasing its partitioning 
into the bulk solvent; hence, the "effective" polarity of the solvent 
and cell membrane must be approximately the same, 

In contrast, lines B and C, respectively, show the results ob- 
tained with two solvents that are either less or more polar than the 
cell membrane, For example, in the case of example B, the addi- 
tion of each -CH 2 - group to the fatty acid chain has greater effect 
in two ways on increasing In K than in increasing In P. The -CH 2 - 
group principally undergoes hydrophobic interactions with compo- 
nents of the solvent and the cell membrane, so it follows that, in 
this case, the membrane behaves as a more polar structure than 
does the bulk solvent, 

Comparisons of this type, have been made between a number of 
different solvents and a variety of different cell membranes, In 
genera], the membranes of most mammalian cells have been found 
to be relatively polar structures. Thus, in a number of instances, 
the membranes have been shown to behave in a manner similar to 
a bulk solvent such as isobutanol rather than as a very nonpolar 
solvent such as diethyl ether, benzene, or triglyceride (2,4,5,6). 

Although they are useful, com - risons such as these are cumber- 
some to undertake and require that a number of different measure- 
ments of K and P be made using various homologous series of 
solute molecules. More recently, a second method commonly has 
been employed to describe the effective polarity ^of biological 
membranes. This method involves determining the manner in 
which the addition of a particular substituent group to any solute 
molecule alters the rate of movement of that solute across a bio- 
logical membrane or alters the partitioning of the solute into a 
bulk organic solvent (1,2,3,8,7). In both instances, the following 
equation describes the relationship between the partitioning of a 
solute between a cell membrane (K m ) or a bulk solvent (K) and 
the aqueous phase of the perfusate and several thermodynamic 
.parameters (2,3), 

K m or K - e -AFw -l/RT (8) 

Here AF W is the free energy change associated with the move- 
ment of one mole of solute from the perfusate to the membrane 
(or solvent), R is the gas constant, and T is the absolute temperature. 

It is difficult to obtain absolute values of AF W \ x for a solute, 
but the manner in which this thermodynamic parameter is changed 
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by the addition of a substituent group to the solute can he experi- 
mentally measured. Thus, the change in AF W >1 , i.e., the incre- 
mental free energy change (64F W . x ), brought about by the addi- 
tion of the substituent group s to the solute, is given by the 
following two expressions. 

• (10) 

Equation 9 yields the incremental free energy change associated 
with the addition of group s to a solute, based on the measure- 
ment of the passive permeability coefficients for the solute with 
(P*) and without (P ). the substrtuent group. Equation 10 gives 
the same value for substituent group s based on measurements of 
the effect of this group on partitioning of the solute into a bulk 

^IrTpractice, 5dF w , can be measured for nearly any substit- 
uent group, such as CH r , -OH. '-NH 2 and -CQOH. The addition 
of a polar group, such as "a hydroxy! function capable of hydrogen 
bonding with water molecules in the bulk perfusate, generally re- 
duces the passive permeability coefficient or the partitioning 
coefficient obtained with a riven solute. It therefore yields a 
positive value for 5 ^F w , i . 

in contrast, the addition of a nonpolar substituent group, such 
as the methylene group which is forced out of the aqueous phase 
by entropy effects and wWch undergoes hydrophobic, interactions 
within the membrane or bulk solvent, generally increases, -the— 
values of P and K and gives a negative value for the incremental 
tree T energy "change. 4 At 37°C, f e value of RT is approximately 
616 cal/mol, so a nonpolar suhst., ->nt group that increases P or K 
by a factor bf 5-,' 25-, or 125-fold is associated with a 5AF w ll 
value of approximately -1,000, -2,000 and -3,000 cal/mol, respec- 
tively. Conversely, a polar group that reduces P or K by a factor 
of 0.20, 0.04, or 0.008 would yield '6-\F w ., values of +1,000, 
+2,000 and +3,000 cal/mol, respectively. 



■»A diuiiea diWUMion of the intermoleeular forces that provide the ther- 
modynamic explanation for the effect of various substituent groups on 
permeahiiity and partitioning coefficients is beyond the scope of Uiii 
paper. For a more detailed discuaion of these aspects, see references U) 
and (i 1 ) 
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From Ihis dismission, it is apparent that measurement of 
f5AF w .. i v slut's for various suhstituent groups provides a sensitive 
method for characterizing the effective polarity of a particular cell 
mem bra no and for comparing it to the membranes of other cell 
types and to various bulk solvents. Such data are now available for 
a number of different tissues and solvents; representative values for 
the hydroxy! and methylene groups are summarized in figure 4* 

The addition of the hydroxy 1 function decreased the permeabil- 
ity coefficient fur solute movement across the membranes of the 
muscle cell, adipocyte, gall bladder, and intestine by a factor that 
varied from 0.14 to 0.61. These values correspond to S^F^^ 
values of approximately +300 to +1,200 cal/mol. In contrast, this 
substituent groups reduced partitioning of the solute into very non- 
polar solvents such as triglyceride, ether, and olive oil by factors 
ranging from 0.035 to 0.011, yielding 6-lF^!i values varying 
from +2,070 to +2,800 cal/moL These data indicate that the 
membranes of at least this group of cells behave as relatively polar 
structures (perhaps because they are relatively hydrated) and not 
as very hydrophobic "lipid" membranes. 

This view is supported by the results obtained with the meth- 
ylene group, .also shown in figure' 4, Again, the addition of this 
substituent group has much less of an effect in increasing the 
passive permeability coefficients (6«1F W f\ are all less than 550 
cal mol ) than one would expect if the cell membranes behaved as 
a very no n polar structure analogous to the non polar solvents. 
Thus, {lata nhtalmd in a number of different laboratories, for 
many* different cell membranes suggest that these membranes 
(particularly ih« # inW'sumo h»»haw as relatively polar structures™ at 
least %vith respei l to the manner in which they affect the rate of 
transmembrane, monomoleculor solute diffusion (2,1,5,0,7,8,9), 

Dependency of Maximal Hates of MonumoiecuJar Diffusion 
on the Polarity of the C ell Membrane 

t he om oymiion ih at intestinal rel! membranes behave as rela- 
tively *polar >tru«. turfs has profound implications with regard to- 
the absorption of many *o!u(*vi from the gastrointestinal tract, 
particularly trios** that have limited solubility, such as lipids and 
sterols. These implications can best be understood by examining a 
sp*M jfjc M»)'nf flaiii uik»-n from tru* literature f]>; they are shown 
in fitfun* 5 In this example *he ^Wive permeability coefficients 
for fht* int^tir. a! uptake of a homologous scries of saturated fatty 
id* were experimentally determined, If, was found. that P increased 
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e 4, Incremental Free Energy Changes (5^F W x ) Associated 
With the Addition of Either the -OH or -CH 2 Groups 
to a Solute Molecule 
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The addition of the hydroxy! function decreases the rate of membrane 
permeation and is associated with positive valued; the addition of the meth 
vlen* group enhances the rate of membrane permeation and is associated 
with negative values The effect of the addition of these two substituent 
groups oh the perm Mon of various probe molecule* across the cell mem* 
branes of a variety o! tissues Is shown m the first column of data, and the 
effect of the addition of these same groups to the partitioning of various 
probe molecules into bulk organic solvents is shown in the second, The data 
presented in thU figure are based on obiefvations from a number of different 
laboratories, as summarized in reference (10), * 
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Figure 5, Effect of the Relative Polarity of a Solute Molecule on 
Its Maximum Rate of Transmembrane Movement 
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The panels" Tn column I represent actual experimental data obtained on the 
^uptake of fatty acids of various chain lengths into the intestinal mucosal 
cell (1). The upper panel shows the logarithm 5 of the passive permeability 
coefficients and the maximum aqueous solubilities of the homologous series 
of saturated fatty acids. The lower panel shows the logarithm of the maxi- 
mum uptake rate, which equals the passive permeability coefficient times the 
maximum solubility for each individual fatty acid. 

The two panels in column II illustrate the effect of altering the polarity of 
the biological membrane, Curves A, B, and C show the theoretical result! ob- 
tained where the membrane is made progressively less polar so that the addi- 
tion of each -CH2- group to the fatty acid chain increases the passive permea- 
bility coefficient by a factor of 1.58 (A), 2.32 (B), and 3.67 (C), These values 
would correspond to 5AP W .« 1 values of -203, -517, and =801 cal/moi for 
the -CH 2 - group in these three respective situations* The results shown in 
this -figure are based on experimental data in which the permeability coef- 
ficients and uptake rates were normalized to 1^0 frig dry weight of intestinal 
tissues, 11 
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by d factor of 1.58 for each C\l r group added to the fatty acid 
chain. Thus, as shown by the solid line in the upper panel (panel I), . 
the logarithm of P plotted against the fatty acid chain length has a 
slope of +0. 16. In this same study, the maximum solubility of 
each of these fatty acids wa determined in the perfusate and, as 
shown by the dashed line, maximum solubility decreased by a 
factor of 0.43 (slope of the semiiogarithrniu plot of 0.84) for 
each : CH.,- group added to the fatty acid. 

The rate of uptake of any of these fatty acids is equal to the 
product of the concentration of the fatty acid in the perfusate 
and its appropriate passive permeability coefficient (eq. 1), so it 
follows that the maximum rate of uptake must equal the product 
of the m^umum solubility of each fatty acid in the perfusate 
times its passive permeability coefficient, When such values are 
calculated for each fatty acid (as seen in the lower solid line of 
panel I), the maximum rate of uptake decreases by a factor of 
0.68 (slope of the semilogarithmic plot of -0,38) Ipt each CH 2 . 
group added to the fatty, acid chain, Thus^ for "this homologous 
series of fatty acids, the. hig^st rates of transport are seen with 
the mora-paktr members of the series under, circumstances where 
-"the" concentration of each fatty acid in the perfusate has been 
elevated to its limit of solubility. This relationship derives from 
the fact that as CH r groups are added to the fatty acid chain, 
maximum, solubility decreases out of proportion (slope of 0.84) 
to the increase in the passive permeability coefficient (slope of 1 
+0, IB). This latter relationship, in turn, results from the cell mem- 
brane behaving as a relatively polar structure; in this instance; 
5 ^F^Tf equals only 283 cal/mol. 

The dependency of the maximal monomeric uptake rates on 
membrane polarity is illustrated by the set of curves shown in 
panel II. The membrane is made progressively less polar so that 
JkF^ H "j is increased from the experimentally determined value of 
283 cal/mol (curve A) to -517 (curve B) and -801 (curve C) 
cal/mol. In curve B, the membrane has been made lesi polar to 
the extent that the addition of a -CH 2 - group results in an exactly 
equal incremental increase in P and decrement in solubility so that 
the maximum uptake rate becomes independent of chain length 
(curve B, lower panel II), Only when the membrane is made even 
less polar are higher rates of uptake observed with the fatty acids 
of longer chain length (curve C). 
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Anomalous Behavior of tin* Monomer Diffusion of Polar, Small 
Molecular Weight Solute?; Ac ross Biological Membranes 

in figures 3 and 5, it has been assumed that the permeability 
coefficients for a homologous series of fatty acids follow a regular 
and prcdu ; ible pattern based on the number of methylene groups 
in the fatty acid chain. In these instances, the addition of each 
■CH 2 - group increases I* by a constant amount so that In P 
is a linear function of the nurfther of carbon atoms in the fatty 
acid. 

similar* relationship can be seen for steroids where, for exam- 
ple, In P varies as a linear function of the number of hydroxyl 
groups added to the sterol nucleus. Although such behavior has 
been described for the penetration of many different classes of 
solutes across biological membranes, it has also been consistently 
reported that, for any homologous Aries of molecules, the smaller 
molecular weight, more polar members of the series have anoma- 
lously high permeability coefficients. For example, researchers 
have reported data such as those shown in figure 6 in membranes 
of the intestine, gall bladder, and adipocyte (5,6,10), For the 
fatty acids with more than six carbon atoms in the chain, there is a 
linear relationship between In P and chain length. This relation- 
ship does n t hold, however, for the shorter chain length fatty 
acids, which typically manifest much higher passive permeability 
coefficients than would be extrapolated from the behavior of the 
higher molecular weight members of the series. Such anomalously 
high rates of monomolecular diffusion have been reported in 
nearly all biological membranes that have been studied for many 
types of small molecular weight molecules, including short chain 
length alcohols and fatty acids, urea, methylurea, form amide, and 
aeetamide (2,4,5,6,8,9,10,11,12). 

Such behavior has been attributed in the past to carrier-mediated 
diffusion or to aqueous "pores" within the cell membrane, but 
current data suggest that these high permeability coefficients are 
due to an inherent property of biological membranes that allows 
small molecules to pass relatively more rapidly between the struc- 
tural components of the membranes than do larger molecular 
weight solutes (3), ft should be emphasized that if the permeability 
coefficients for the saturated monohydroxy alcohols in the 
intestine were plotted in figure 6, they would form a second line— 
identical to that shown for the fatty acids- but displaced upward 
by an amount ■dictated by the 1 <5^F W , x associated with the 
substitution of the -OH group on the molecule in place of the 
Ci'OOH function. Thus, ethanol is one of those smaller molecular 
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Figure 6, Relationship of the Passive Permeability Coefficient to 
the Chain Lengths of V arious Saturated Fatty Acids 
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Thic diagram illustrates that the shorter chain length, more polar members of 
this" homologous series have higher passive permeability coefficients than 
would bi expected from the linear extrapolation of the results obtained with 
those fatty acids containing six or more carbon atoms. 
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weight compounds associated with an anomalously high passive 
"permeability coefficient. 

Effects of Diffusion Barriers on Rates of / 
Movement of Lipids Across Biological Membranes 

General Principles of Molecular Movement Across Diffusion 
Barriers in Biological Systems 

Nearly all of the discussion thus far has been based on equa- 
tion 1— the rate of diffusion of a solute across a membrane is 
determined by the concentration of the molecule in the perfusate 
and its passive permeability coefficient, This simple situation is 
probably never encountered in biological systems under either in 
vitro or in vivo conditions; the concentration of the solute mole- 
cule measurable in che bulk solution perfusing a particular tissue 
or cell preparation is usually not the same as the concentration of 
the solute molecule "seen" by the cell membrane. There is usually 
a diffusion barrier, be it simple or complex, interposed between 
the cell surface and the bulk perfusion medium, 

The simplest situation is shown diagramrnatically in panel I of 
figure 7 and involves the movement of a solute molecule from the 
bulk phase of the perfusate across a single cell membrane into the 
cytosolic compartment. However, interposed between the bulk 
perfusate and the membrane surface are layers of water that are 
not subject to the same gross mixing that takes place in the bulk 
perfusate and through which diffusion is the sole means for mole- 
cular movement (13), Obviously, there is no sharp demarcation 
between such "unstirred water layers*' and the bulk solution of 
the perfusate; however, functional dimensions for these layers can 
be measured experimentally and such values are of critical im- 
portance in dealing with unstirred layer effects in any membrane 
transport system (6,14), Thus, in figure 7, C x , C 0 , and C 3 represent 
the concentrations of the solute in the bulk" perfusate, at the 
aqueous-membrane interface, and just inside the cell membrane, 
respectively, S w denotes the functional surface area of the un- 
stirred water layer, d equals its functional thickness, and D is the 
diffusion coefficient for the specific solute. In this formulation, 
S w is similar to the S m term described earljer, but it represents 
the functional surface area of the unstirred water layer overlying a 
particular amount of tissue or cells. This term must be normalized 
to the same para/neter of tissue mass utilized in the J d term, so it 
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Figure 7. Major Parameters of Diffusion Barriers in Biological 
Systems 
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Panel I represents the, simplified situation in which a solute molecule is 
moving from a bulk perfusate into the cytosolic compartment of a cell. In 
so doing it must cross two diffusion barrier., the unstirred water layers 
outside the cell and the cell membrane itself, C, . C 2 , and C 3 represent the 
concentration of the solute molecule in the Jiulk perfusate, at tin- aqueous 
membrane interface and in the cytosolic compartment, respectively. h„ and 
d represent the.ef fective surface area and the effective thickness, respectively, 
of the unstirred water layer, D is the diffusion coefficient for the solute 

"'I'amll II represents the more complex situation, where the solute molecule 
must move from the bulk perfusate, e.g., serum within a capillary, to a target 
cell e g an adipocyte, through a complex diffusion barrier made up of many 
different tissue spaces and cell membranes. In this situation, the values of 
S w and d will be profp ndly affected by the actual anatomical pathway the 
solute molecule must follow through the diffusion barrier. 

commonly has units such as vm ' In. of tissue or cm 2 /cm length of 
intestine. 

In the situation shown in panel I, the net movement of -solute 
from G t to C 3 is given by the following expression. 



Jf ' - (C, 



- Co] 



5„,D, 



- (C 2 -C 3 )P d 



(11) 
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The first term in thU equation describes the m? f of movement 
of the solute* across the unstirred water layer, ana ,ne second term 
gives the net flux of the molecule across the cell membrane. In 
the steady state, these two flux rates must be equal, and C 2 may 
assume any value between the limits of C L and 0, This/value can 
be calculated from the folio wing expression. 



The term dJg*VS w D essentially represents the resistance encoun- 
tered by the solute in crossing the unstirred water layer. The 
higher this resistance is, the lower the value of C 2 . This resistance 
term is complex, however, and is determined by the physical -di- 
mensions of the unstirred water layer (d/S w ), by the diffusivity 
of the solute molecule in the aqueous phase (D) f and by the net 
velocity of solute transport across the system (J§ et )> 

In many physiological situations, both in vivo and in vitro* the 
diffusion barrier overlying a particular tissue essentially consists 
entirely of such unstirred water layers. This is probably the case, 
for example, in epithelial membranes such as intestine, gallbladder, 
choroid rjlexus, and bladder and when isolated cells are studied 
under in vitro conditions. Under both in vivo and in vitro condi* 
tions, the unstirred water layers overlying the surface of the 
intestine commonly vary in thickness from approximately 100 to 
800 t*M, depending on the rate of mixing of the bulk phase, It is 
seldom possible to reduce this- thickness to less than 75 juM, even 
with the* most vigorous mixing chat can reasonably be employed 
under in, vitro conditions (4,6,15). On the other hand, the thick- 
ness of the unstirred water layers surrounding individual cells 
suspended in an incubation medium is probably considerably less 
than 10 to 20 mM (10,16). 

In many other tissues, the diffusion barriers are much more 
complex (panel II), For example, any solute that must move 
from capillary blood to a target tissue such as an adipocyte or 
muscle cell must necessarily pass through a complex series of cell 
mem brakes and aqueous spaces. The total resistance encountered 
during this diffusion process equals the sum of the resistances en* 
countered in diffusing through each membrane in series, i.e., 
(1/P d ) 1 f (1/P d ) 2 + (1/P d ) 3 + . . . , plus the sum of the resistances 
encountered in diffusing through each aqueous space, i.e., 
(d/S w D)i +(d/3 w D)2 +(d/S w D)3 + ;... 
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V artherniore, if the solute has limited solubility in the blood, 
then the rate at which it can be delivered to the^apiliaries of the 
tissue also may be limited; this limitation can be taken as yet 
another resistance to uptake of the solute by the target cells. This 
latter resistance term is a function of the reciprocal of the product 
of the volume of blood now per unit of tinn* to the target tissue 
(V) and the concentration of the solute in the bulk phase of the 
blood-i-e., l/VC^ (17). 

Thus, iru many anatomically intact tissues, the rate of cellular 
uptake is profoundly influenced by the magnitude of the total 
resistance to molecular movement imposed by such complex dif- 
fusion barriers. This total resistance, it should be emphasised, is 
made up of such factors as the, rate of blood flow* to i particular 
organ, the solubility of the solute in blood, and the rata of dif- 
fusion of the molecule across a series of unstirred water layers and 
cell membranes. 



Relative Importance of Membrane and Diffusion Barrier 
Resistances in-Determining Rates of Lipid Movement i 
Across Biological Membranes 

It i* apparent from equations 11 and 12 that two extreme situa- 
tions may be encountered in various membrane systems, First t ^ 
the rate of movement ^of the solute molecule across the diffusion 
barrier may be very rapid relative to its rate of movement across 
the cell membrane; i.e., the firm S w D/d may be very much larger 
than P d . , In this case, unstirred layer resistance is negligible and 
the rate or" molecular penetration thr >ugh the cell membrane be- 
comes totally rate limiting to cellular jptake- as described by the 
following equation. 



j,r - «*i tv !, .i d3) 

Second, the rate of movement of the solute molecule might be 
very much faster through the cell membrane than across the un- 
stirred water layer; i.e M if P d is .very muchjarger than the term 
S w D/d. In this case, the value of the term cM~8* l /S w D in equa* 
tion 12 essentially equals the value of C lt and the value of C 2 ^ 
therefore, approaches 0, In this ease, the raw of solute movement 



ft This term it actually much more complex than stated here; see refeff nee 17 
for a fuller explanation, • 
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uitosj the diffusion -harrier becomes wholly rate limiting to 
cellular uptake; a is described by the following equation. 

J d " < ( i C 3^— — j ° (14) 

These two extreme situation*, as well as the intermediate condi- 
tion where both the unstirred water layer and membrane resistances 
influence uptake rates, are shown in figure 8, In this diagram, the 
logarithm of the value of J§ et /D has been plotted as a function of 
the fatty aeid chain length at several different values for unstirred 
layer resistance. In these examples, it is assumed that the concen- 
tration gradient between C\ and C 3 is the same for each fatty 
acid. Curve A represents the extreme case (equation 13), where 
3 W d is infinitely great and unstirred layer resistance is, therefore, 
negligible. In this situation, Jf l is determined by the passive 
permeability coefficient for each fatty acid so that the term In 
JJT D increases as an essentially linear function of the fatty 
acid chain length, However, there is significant deviation from 
this behavior as the diffusion barrier begins to exert a finite 
resistance. 

In the first example, curve B, fatty acids with two to eight 
carbon atoms have such low passive permeability coefficients that 
membrane permeation is still totally rate limiting and the value 
of In JJj~VD still falls on the linear portion of the curve (the seg- 
ment of lin* B to the left of point x). In contrast, the passive 
permeability coefficients for the longer chain length fatty acids 
with 18, 20, and 22 carbon atoms are so high that uptake becomes 
totally diffusion limited; these were described in equation 14, In 
this c|se, the term J^/D reaches a constant and limiting value 
dictated by S w ,/d (the portion of curve B to the right of point y), 
The portion of" curve B between points x and y delineates those 
fatty acids where the unstirred water layer and membrane both 
contribute in determining the rate of cellular fatty acid uptake. 
When an unstirred water layer of even greater resistance is 
introduced in front of the membrane, as shown by curve C, the 
^ diffusion barrier becomes totally rate limiting to cellular uptake 
for all fatty acids with more than 10 carbon atoms. The important 
principle illustrated by figure 8 is that the higher the passive 
permeability coefficient for a particular solute molecule, the 
more likely that diffusion barriers in the intestine, rather than 
those in the gell membrane, will be rate limiting to monomolecular 
uptake, $ 
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Figure S. Kt'tWt of Diffusion Barriers of Varying Resistance 1 on 
the Cellular L'ptake of Fatty Acids of Different Chain 
Lengths 
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In this trample, it is assumed that the concentration gradient across the cell 
membrane is the same fur each fatty acid. Under these conditions, the rate 
of net upuikt\":J t 1 }'' 1 , will equal the product of the passive permeability coef- 
ficient of each fatty acid times its concentration gradient. If no diffusion 
barrier is present outside of the cell membrane, then the rate of uptake will 
essentially be a linear function of the fatty acid chain length (curve A). 

Curve C represents the theoretical findings that would be observed when 
.the bulk solution was stirred at a very low rate so that the diffusion barrier 
wasirelatively thick: curve B represents the resuLs anticipated at a higher jate 
of stirring. For the latter two curves, point x illustrates the point at which 
the diffusion barrier begins to exert significant resistance and uptake rates 
beqin to deviate from the linear^elationship illustrated by curve A. 

Point y on these curves represents the point at which diffusion of fatty 
acids across the unstirred water layer becomes totally rate limiting to cellular 
uptake so that J f p is proportional to D and the quantity J^'VD becomes 
constant. 'These theoretical curves are based on actual experimental data 
derived in several types of epithelial tissues and reported in references 4, ft, 
and 6 



Effect of Diffusion Barriers on Measurement 
of Activation Energies 

This recognition— that either the cell membrane or the dif- 
fusion barrier outside of the cell may be rate limiting to the uptake 
of lipids in a particular tissue— has important implications with 



DKt KKMINANT^ OF ABSORPTION 



ri'Sjuvt in thf init-rpri't.iUwn of temperature effects on the trails- 
membrane movement of solutes. In tin* past, ihv passive mono* 
molecular diffusion of a solute across, u biologic. il membrane has 
been said to have low C^,, valine and correspondingly low activa- 
tion enenue* Furthermore, in some instances, an abrupt change* 
in apparent activation* enef :, v ha* ln ! t.*n fouinl when the tempera- 
ture* is lowered. This effect, has been attributed to a temperature- 
related phase change in the lipid molecules making up the struc- 
ture of the cell membrane. Such .behavior is illustrated "toy the 
"experimental curve" an panel II of figure 9. At the higher rate of 
solute uptake of approximately 1,2 for each 10 (' change in 
temperature ( an' activation energy of or\ly about 2,800 cal mol) 
the folio w i n g o cc u rs A s t h e t e m p e ra t u re is 1 o w e r ed . h o w e v e r . a 
"transition" point is apparently reached, below which the line 
acquires a steeper slope. It may correspond to a Q T () value, 
varying from 2,0 to 4.0, and to activation energies varying from 
approximately 10,700 to 21,000 cal ''mol. However, when such 
data are corrected for unstirred layer effects 'curve B), the "transi- 
tion" point disappears and a single linear regression curve is 
produced, it has a steep slope corresponding to a high activation 
energy fur the passive penetration of this solute across the cell 
membrane (18k 

Data such as these suggest that, in many instances, both the low 
activation energies and the apparent transition points reported for 
passive solute uptake across biological membranes are artifacts 
caused by researchers' failure to recognize that the uptake of the 
solute is diffusion limited at physiological temperatures. 

At higher temperatures, the low Q| 0 value simply reflects the 
low activation energy for the diffusion of the solute through the 
aqueous environment of the unstirred water layer. As the tempera- 
ture is decreased, a point is reached at which penetration through 
the cell membrane, rather than through the* diffusion barrier, be- 
comes rate limiting, and the apparent activation energy abruptly 
increases. Thus the "transition" point shown in panel II (figure 9) 
actually corresponds to the point where the major resistance to 
molecular uptake of the solute shifts from the unstirred water 
layer to the cell membrane (13). 

The resistance encountered by a solute in crossing the diffusion 
barrier is also a function of the passive permeability coefficient of 
that molecule (and, hence, the J{} term in equation 12), so it 
Follows that the apparent "transition" temperature seen in a given 
membrane should vary .inversely with the P value for a series of 
solute molecules. Such a situation is illustrated by the series of 
curves shown in panel I of figure 9 S Curve A represents the 
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should be* emphaM/ed. i> written in'Lerms of tin* eoneerura* 
nun of the solutv molecule "seen" by the membrane. In the 
presence o! a diffusion barrier, however, this equation must lu* 
rewrr.ten in terms of Cj . i.e.. the eoneentnit ion of the molecule 
present in- the hulk perfusate, C'j etju.ils I'j minus the term 
^* J i j - w 0, *o this expression can he substituted ! <ir (\, m equa- 
tion 2 to kiivf the following expression. 
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When no1\im! for -J f i , this equation yield > Mie following quadratic 
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Thus, under most physiological circumstances (where the 
membrane transport sites are separated from, the hulk perfusate^ by 
a diffusion barrier), this equation describes the relationship be- 
tween the rate of uptake and the concentration of the solute (or 
lipoprotein) in the bulk perfusing medium. It should be em- 
ph:i:.:/.ed, therefore, that the value of J (l is influenced by the 
resistance of the diffusion barrier, given by the expression dJJp/ 
S w 'D t as well as by the values of the K m and J|P terms. 

This formulation has four important consequences. First, in 
the presence of a significant diffusion barrier, resistance J t j be- 
comes essentially a linear function of and the "saturable* ' 
appearance of the Kinetic curve is lost, This effect is illustrated by 
the series of curves shown , in parifel I of figure 10, which were 
derived from equation 16, In this example, it is apparent that 
when the resistance term, i.e., d«I]|VS' w D, is low (as in the case of 
curve A), the rate of uptake exhibits saturation kinetics with 
respect to Cj . However, when the resistance term is increased 
o 00- fold las in the case with curve D), J d increases in essentially a 
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Kitfure Hi i ! nVt i uf 1 > it"t"u>ii»n Barriers of N-'iiry in*| Resistance on 
the Kinetics of Transport Through u !■ mite Number of 
Sites on a Biological Membrane 
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In pant 1 ! f the rate of solute uptake is plotted in arbitrary units on the vertical 
ax is, and the con central Ion of the- so lute* molecule in the bulk perfusate 
ii'i \ is plotted- in arbitrary units on the horizontal axis. In this illustration, 
it is assumed that the true K m value for f.he transport process equals 1.00. 
This figure shows the effect of increasing the resistance of the unstirred water 
layers i>verlving the transport sites 300-fold on the apparent K m values 

in panel II. the apparent K fl5 values are plotted* against the resistance of 
the unstirred water layers as ylven by the quajjtffy d 'S w D. These theoretical 
curves are based on values for th^ various jHfnanieters of transport UKely to he 
encountered in biolouical systems and a^given in detail in reference (19), 

'linear fashion with respect to the concent nit ion of the solute, 
molecule in the hulk solution. Thus, in the presence of a major 
diffusion barrier, such linear kinetics are to /be anticipated and 
should not he construed as evidence against [the possibility that 
the uptake process involves translocation by\ finite number of 
transport sices. 

Second, the presence of a significant diffusion barrier leads' to 
U%oss ve re s $a m a £ i 0 n of the .true K m value for the transport 
process, This effect is also shown d i agram m at ically in panel I of 
figure 10, where the true K m value for the system is assumed to 
equal 1.0 concentration units. As is apparent, as the resistance of 4 
the diffusion Harrier is increased over a 5 00 -fold range, the appar- 
ent K m value TK m I increases from 1.0 to 26,2 concentration 
units. In fact, as shown in panel II, under these circumstances the 
apparent Ku value increases linearly with the resistance of 
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the overlying diffusion harrier, u> yiven hy tin following equa- 
tion i 19. 20i- 



ur * 

Stated in u different wu\\ if nu diffusion barrier were present, 
then this transport system would achieve 80 percent of the 
maximal transport rate lJ[jM at a solute concentration of 4 units. 
In the presence of the high resistance harrier (curve Dh the solute 
would have to be raised to 15 concentration units in the hulk 
perfusate to attain the same rate of transport. 

Third, in the presence of a significant diffusion resistance, the 
apparent K m value becomes a dependent variable of Jj} 1 . This 
effect is illustrated by the series of curves shown in panel I of 
figure ""11. where the true K m value is again set equal to 1 con- 
centration unit. As seen in panel I, under circumstances where the 
diffusion harrier resistance is low, increasing the value of J {J 1 
10- fold has only a minimal effect in increasing the apparent K m 
value to 1,2 concentration units. However, a similar increase in 
jy under circumstances where the diffusion harrier resistance is 
increased 50-fold (panel II) results in an increase of Kj^ to 9,3 
concentration units. Thus, because the Jjp term enters into the 
total resistance term in equations 16 and 17, K m varies directly 
withJjf, 

Fourth, the presence of a diffusion barrier will lead to over- 
estimation of maximal transport rates (Jj) if these values are 
estimated from double reciprocal plots. As shown in figure 12, in 
the absence of a diffusion barrier/the relationship between J d and 
C* is described by equation 2 and takes the form of curve A in 
panel 1. When replotted in the double reciprocal form (panel II), 
such a curve becomes linear and has an intercept on the vertical 
axis that equals 1/Jjf * However, when a diffusion barrier is 
present over the transport sites, then equation 16 describes the 
relationship between J d and C l and yields a curve such as 
example B in panel L 

Equation 16 does not take the form of a rectangular hyperbola, 
so plotting these data in the double reciprocal form does not 
transform curve B into a straight line: Rather, as seen in panel II, 
the curve turns sharply upward as it approaches the vertical axis 
to intercept at 1/Jjf. However, if, as is commonly done, the 
experimental points are used to construct a linear regression curve 
and this curve is extrapolated to the vertical axis (dashed line). 
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Figure 11. Effect of the Maximal Transport Hates (JJ} 1 ) on the 
Apparent K m Values in the Presence of a Diffusion 
Barrier of Low and High Resistance 
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' CONCENTRATION OF PROBE MOLECULE IN BULK PHASE (C, ) 

As in figure 10, the true K m value for the transport system is assumed to 
equal 1.00. A s, seen in panel I, under circumstances where the diffusion 
barrier over the transport sites exerts only a very low resistance, increasing 
the maximal transport rate lOTold has only a minimal effect in increasing 
the apparent K m value from 1.0 to 1.2. 

However, as illustrated in panel 2, if the resistance of the diffusion barrier 
overlying the transport sites is increased by 60 -fold, then increases over 
9-fold under circumstances where J™ is increased 10-fold, Thus, in the 
presence of a significant diffusion barrier, the apparent K m value for the 
transport system has become a dependent variable of Jj 1 . 
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Figure 1 J. Kfftvt tit' "Diffusion Harriers on Determination of 
Maximum Transport Velocities (J{j ! Kby, I'se of Double 
Reciprocal Plots * - -~ 
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Panel 1 show?* two kinetic curves for the uptake of a solute molecule in the 
absence i A I and in the presence (B) of a significant diffusion harrier. In the 
presence of the diffusion barrier, the value of K m is shifted to the right, hut 
both curves achieve the same value of Jj|\ These same two curves are re- 
plotted in panel II as the reciprocal of these two variables. It is apparent 
that the linear extrapolation of the data points in curve B gives a value for 
J" 1 that is much higher than the true maximal transport rate, i.e., 1-Jjj" 
artefactually lower than 1 J'j\ 



then an artefactually high value for Jj will he obtained. Thus, if 
it is experimentally difficult to directly measure the maximal 
transport rate for a particular transport system (because, for 
example, of limited solubility pf the solute), then estimation of 
thjs value from double reciprocahplots will lead to an artefactually 
high value for J™ if a diffusion barrier is interposed between the 
hulk solution and the transport sites (20,21 ). 4 
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I he Kulf of Carrier Molecules in Overcoming 
diffusion Barrier Resistance 

Based on these considerations, it is likely that "the uptake of 
many UpuU*is limited by their diffusion across the harriers over- 
lying the intestinal mucosa: the bile acid micelle functions to over- 
wo me this resistance, As an example of the magnitude of the 
effect of having the mice lie present, one can calculate the rate -of 
fatty avid absorption that takes pl&ee both in the absence and in 
t h e p re se n ee of the d et ergen t. 

In the, case of stearic acid, the maximal rate of uptake that can 
be achieved without bile acid can be calculated from equation 14 
to equal* 1.35 nmo^min 100 mg tissue (assuming that the maxi- 
mum solubility of the fatty acid in solution ecjuals 4.37 that 
S i-uu il^l I T cm- 100 ma t w<ue. and that d is 137 uM i 1 > 

In the presence of a bile acid micelle, a m'ueh higher total con- 
centration of fatty acid can he achieved in the bulk "solution, and 
a largr mass of this solute, dissolved in the micelle, diffuses up to 
the aqueous-membrane interface. If this results in an aqueous 
concentration of the fatty acid in equilibrium with the micelle 
of 4,87 jiM, then the rate of uptake in this instance can be 
cuie u 1 a t ed fro m equation 1 to e q ua 1 1 2 . $ n mo 1 . m i n , 1 00 m g t issu e 
i using' a P value for atearie acid of 2,930 nmol/min/100 mg 
tissue mM) Thus, the presence of the bile acid has facilitated 
uptake c)f the fatty acid by a factor of 0,5. 

Because the magnitude of the diffusion barrier resistance varies 
directly with the passive permeability coefficient for a particular 
solute (equation 12), it follows that the relative -effect of a bile 
acid micelle ^ft facilitating lipid absorption in the gut should 
increase with increasing hydrophobocity of the particular lipid 
under study. Such an effect has been demonstrated; for example, 
the presence of the detergent enhances intestinal uptake of the 
fatty acids with 8, 12, 16, and 20 carbon atoms by faejtors of 
1.05, 1.43, 8,53, and 25*8, respectively, and of the still more hy- 
drophobic cholesterol molecule by a factor of approximately 145. 

Mechanisms by Which Alcohol Ingestion 
Could Affect Intestinal Absorption 

It is apparent that the chronic ingestion of alcohol could 
theoretically alter the rate of uptake of a variety of different 
solutes through many different mechanisms. In .the case of pas- 
sively absorbed molecules, for example, alcohol might either 
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enhamv or decrease the uptake of a purueular solute by dcvreasmu 
or increasing the unstirred layer resistance present nwr the intes- 
tinal villi. Stu'h an effect emild he mediates through an alteration 
of either intestinal or " ^i'u-> mot ility . Alternatively, ethanol 
eunW'ivably could alter tj£ j permeability eoeffiejeifts for a variety 
of solutes by altering tiit 1 effective polarity ui'Xthe microvillus 
membrane-, Th is type of alteration woukf be manifest by a change 
ih^he incremental free energies associated with va/ious substituent 
^r^ups. Such a change, it should be emphasized, might he asso- 
c ia t^d with e n h an t * cr a bs a rptio n o f so m e co m p o U n d s and red lie ed 
absorption of others, depending on their relative polarities and, 
hence, their partitioning coefficients for distribution between the 
aqueous phase of the perfusate and the cell membrane. 

Similarly / ethanol coual also have profound effects on the rates 
of ahn*rpTii»n of rtctively transported solute?, Again* these altera- 
tions could be mediated through a direct effect on the transport 
systenv so that either Jjj 1 or K m are changed, or they could be the 
resuit- of alterations in unstirred water layer resistance. If, for 
example, chronic ethanol intake decreased intestinal motility 
which. In turn, resulud in an increase in the effective value of 
d S, v , then the uptake of a variety of solute molecules by carrier- 
mediated mechanisms could he significantly altered. The magni- 
tude of these alterations, hojwever, would be different for dif- 
ferent molecules and would depend on the relationship between 
the concentration of the solute molecule in the bulk intestinal 
contents (Cj ), the K m value for the active transport process, and 
the value of the term dJj S W D. 

Although little "work of this type has been done thus .far. it is 
now' apparent that there is sufficient information available -on 
both, the theoretical and technical aspects of this problem— to 
carry out appropriate experiments to precisely identify the effect 
of acute and chronic ethanol intake on the in test in ah absorption 
of many different types of njatrientg. 
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Dr. Lester: One'peeuliariiy in your data enneerninu fjolanty nl" 
membranes was tljat even liposomes appeared to he U k ss T pohtr than 
one mitflu have miessed tliat they would Ins i can undors'taml how 
membranes mi^ht. be rather more polar than what one would 
antieipa'.e, blvause of the presence of polar proteins or o her 
things, but I notice fhut liposomes were do\\y* on your list, How 
do -you explain that, since their only constituent is phospholipid, 
and-smce I assume that the tiling that determined their permea- 
bility characteristics was the fatty acid that essentially hooked 
oiKo the phospholipid? \ \ 
. T)r. Dit'tseiiy ; 1 tinnk ill at is irius and, in ^enejah those data 
support, tbn— faxt tha: the major determinant of cell membrane ' 
" pernit-ar urn y. in fael, simply- its eholesteroh pHosphoIipid, and 
. interaction^ with water, that whole .sum total. Those data eome 
from work by Diamond et ah Clearly, the phospholipid liposome, 
and the r>f on' a model of the eell membrane, if you Jike, is just as 
polar as most well membranes. I presume that " the sum total of 
.the polarity of the' membrane is determined by the interaction of 
the polar html groups,- as well .as^hy the hydrocarbon chains. 

Dr. Lester: Thas is not true. 

Dr._ Dietsehy . We lb that ryay or may not be the ease,* This is 
t h e sum t o t a 1 o f til e n e t p ofar i t. y o f u 1 1 o f t h o s e gro lips i n t e ra e t i n g , 
and all I can say is that mayhe water molecules get interdigitated 
and. m fact, behave as a more hydrated structure. Those are the 
re sir Its, Jerrod has gone into the thermodynamic analysis of this 
in ffretst detail and essentially says what I have said that then 1 is 
i\ verySi^lar region on the outside, ft^Vtry nonpolar remon on the 
insfde. s 

Dr. Hchen ker: To bring us back to alcohol isiii, again, I am aware of 
two ways in which alcohol can alter transport, One is the mechanism 
that I think Dr. LieberV group has shown and others including 
our own, which is damage io the mucosa and maybe changes in 
permeability.. The other is the postulated effect on active trans- 
port of" some amino acids. This occurs, especially at higher con- 
centrations^ B * , * 

If the primary location 6f sodium potassium ATPase is in the 
hasolateml membrane, and if the carrier, protein if you will, the 

100 

r 



DISCUSSION 



101 



carrier mechanism is in the brush border, and if . there has to be a 
coupling between the AT Fast? in the basolatenU membrane and the 
carrier in -the brush border, then how do you visualize the inter- 
relationship between the carrier and the energy source? How do 
you view this? 

Dr. Dietschy : The technical problems in measuring valid permea- 
bility coefficients- and m measuring valid rate constants for active 
transport are only now becoming apparent. So first of all, I 
would have to say that if you look back at much active transport 
data or much "passive permeability" data, they are invalid, be- 
cause corrections were never made for unstirred layer effects. I 
don't mean Charles Lieber specifically, I am just saying in general. 

What happens to the passive permeability coefficient if you ex- 
pose a membrane to alcohol? That could be now measured. But I do 
not know if it has been measured. The active transport kinetics are 
profoundly influenced by unstirred layers, and the corrections here 
are much harder to make mathematically. So I am not really quite 
sure we understand what the effects of any particular manipulation, 
like. the administration of alcohol, are on the true kinetics of the 
membrane, If the alcohol affects motility, motility affects K m 
and V max values, through an effect on unstirred layers, It is true 
—in enzymes. Much of the enzymology is suspect if you fail to cor- 
rect for unstirred layer effects getting up to the active sites, Same 
thing with transport. 

Now the final question: First of all, 1 am not convinced that 
ATPase and active transport have anything to do with one another. 
The data are very indirect if you look at them, If y oil get some 
profound effect on transport, you may measure a 20-percent 
change- in sodium potassium-dependent ATPase; it is all inHirect 
coupling evidence, So first of all, I am very suspicious that the 
two do not have anything to do with one another; at least I 
remain to be convinced. Second, again we get into the technical 
problem of where you have manipulated the system /either in vivo 
or in vitro, and you have an apparent change in the kinetics, 
Those kinetics are suspect- because none of the corrections has 
been made. At this point, I do not know how to answer /your 
question, I am saying I do/not think there are any valid measure- 
ments yet upon which to- make a decision about these things. 
But that is my own personal bias, : . ..; 

Dr. Ha Is ted : One of the theories for the saturabjlity of.-folic 
acid transport holds that the polarity of folic acid is altered as it 
goes through the unstirred layer because of pH changes in that 
layer. I do not recall you spying ariything about the importance 

■bf pH, • • - " : 
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Dr, Dietschy: Well, if one has a molecule which can either be 
ionized or not ionized, as a weak acid or a weak base, then in the 
past the teaching was that the ionized form of a molecule does 
not penetrate membranes, * Well, that is clearly wrong. It y/m 
based on the wrong assumptions to begin with and failure again to 
make the appropriate corrections. 1 think they do, 

The charge does affect the degree of penetration, because a 
charge determines how much hydrogen bonding you have in the 
water. So any time you make a molecule charged to get a lower 
penetration rate, it has a finite passive permeability. That is 
quite clear from a variety of experimental work. If you get bulk 
phase pH changes and therefore bulk phase changes in the dis- 
tribution between a non-ionized and an ionized species, that has 
profound influence on the rates of penetration of the two species 
together. 

*?Now the question I think you are asking is, cduld a pH gradient 
develop within an unstirred layer, and that as a group of molecules 
move into that region, is there a shift in the distribution that is 
dictated by an unrecognized shift in the pH gradient? *I think that 
clearly does occur, in a sense, but we do not quite know how to 
measure that pH gradient, I do not think it can be very big. 



Effect of Ethanol on the Determinants 
of Intestinal Transport 

Linda L. Shanbour 



Any discussion of intestinal transport, at least from a physio- 
logical viewpoint, should take into consideration influences from 
other gastrointestinal tissues. Figure J illustrates the interplay be- 
tween the stomach, liver, pancreas, and small intestine. Alterations 
in gastric acid secretion may influence intestinal transport by alter- 
ing the pH of the environment fgr the intestinal enzymes, involved 
in the breakdown of foodstuff and thus altering presentation of 
materia! for transport, as well as, possibly, by affecting the trans- 
port process itself, Indirectly, alterations in gastric acid secretion 

Figure 1, Interactions of Various Tissues of the Gastrointestinal 
System 
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may influence hormonal release mechanisms, such as gastrin from 
the antral mucosa and secretin and glucagon from the small in- 
testine. These hormones hi ay then influence the pancreas and 
liver^secretin inducing pancreatic water and bicarbonate secre- 
tion, and glucagon stimulating gluconeogenics in the liver. There 
are obviously many other actions, but those are the major focus of 
this paper. 



Stomach 

T h e s t o m ae h , w h i e h ree ei v es high c o n c e n t ra t u ) u s of aJ c o h o 1 as 
compared to rhost other regions of the body, has received rel- 
atively little attention in terms of basic mechanisms which may 
be altered by ethanol. For many years, it has been assumed that 
ethanol stimulates gastric acid secretion. However, in most lit- 
erature reports of stimulated acid secretion, it is impossible to 
discriminate between a direct action of ethanol on the parietal 
cells or an indirect effect through the possible release of gastrin 
from the antral mucosa. 

In a preparation designed to-separate the fundic or acid-secreting 
portion of the stomach from the antral or gastrin-releasing seg- 
ment, the effects of alcohol on acid secretion in the dog ware de- 
termined (figure 2), A laparotomy was performed, the stomach 
was an tree to mi zed, and the fundic portion was mounted in the 
the double Incite chamber. Acid secretion collected at intervals 
cannot distinguish between possible increase in back-diffusion of 
H + or decrease in the active secretion of H + . Therefore, the lu- 
Trjinal solution was maintained neutral? and acid secreted was ti* 
trated continually with a pH stat technique, 

A* second method, maintaining the luminal* solution neutral 
with TES buffer, was used to verify results ( 1 ), Figure 3 illustrates 
the effects of ethanol as compared to pre-ethanoi values in the 
histamine-stimulated . preparation, Ethanol, at a 20-percent con- 
centration (which is equivalent to one martini on an empty 
stomach), decreased acid secretion to one-third of control values, 
The- potential difference was also markedly decreased. 

Some investigators have used potential difference measure- 
ments to Indicate darn age or increased permeability of the mucosa. 
However, potential difference alone cannot distinguish between 
increased tissue permeability and inhibition of active transport of 
ioris. An automatic voItage-elamp r system (2) was developed to 
permit continuous' monitoring of PD and periodic determination 
oL electric ai current to calculate electrical resistance, A decrease 
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Figure 2, The Intact Fundic Chamber Preparation 




in Electrical resistance implies an increase in tissue permeability, 
anil increased resistance suggests inhibition of active transport. 
Ethanol increased electrical resistance, thus suggesti ig a prime 
effect on the inhibition of active ion transporf in the gastric 
mucosa, * ■ ' ... " * 

^ Other studies on the isolated gastric mucosa, in whjeh uni- 
directional and net isotopic flux determinations were made, have 
confirmed the inhibition of active ion transport by ethanol (3). 
Concomitant studies have demonstrated that ethanol does not 
alter the cAMP eorttent of the gastric mucosa, but does decrease 
ATP content (4). The 1 decrease in ATP content may be the mech- 
anism by which ethanol inhibits active transport of ions in the 
gastric mucosa. These effects are observed only when ethanol is 
present on the luminal side of the gastric: mucosa. Intraarterial 
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Figure 3, Effects of 20-Percent Ethanol on Acid Secretion, Po- 
tential Difference, Electrical Resistance, Tissue ATP, 
and cAMP Contents in the Fundic Mucosa, Compared 
With Pre-ethanol Values 

STOMACH 




infusion of ethanol \'m to the stomach, at concentrations as high as 
30 percent* fails to produce any changes in the measured param- 
eters (1). 

To test the possibility that ethanol may stimulate acid secre- 
tion by producing the release of gastrin from the antral mucosa, 
the previous preparation was used^with the exception that the 
antrum was made into a pouch for the instillation of ethanol or 
other test substances (5). Ethanol in the antral pouch produced 
essentially no change in acid output or potential difference in the 
fundic chamber or in the serum gastrin level (figure 4), However, 
when glycine was instilled in the antral pouch, acid output from* 
the fundic chamber increased by approximately 70 percent, with 
a slight decrease in 4he potential difference. Serum gastrin in- 
creased by 50 percent. These studies suggest that any release of 
gastrin from the antrum is* insufficient to stimulate fundic acid 
secretion, - - — — 



Pancreas 



Consideration of any neb effects of ethanol on intestinal ab- 
sorption should include factors that may influence absorptive' 



ETftANOL EFFECTS ON INTESTINAL TRANSPORT 107 



Figure 4, Effects of Ethanol aid Glycine in the Intact Antral 
Pouch on Fundic Acid Output and Potential Difference 
aid Serum Gastrin Levels as Compared With Controls 

STOMACH 
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processes, such as pancreatic exocrine secretion* The pancreas se- 
cretes digestive enzymes, water, and electrolytes into the duodenum* 
Until recently, it had been assumed that ethanol stimulates pan- 
creatic secretion. However, Mott et,.aL-(6), using human subjects, 
and Bayer et al, (7), using conscious dogs, have shown that ethanol 
inhibits secretin- and cholecystokinin-stimuiated pancreatic seere- 
1 tion of water, biearbonatt, anq*. protein, The preparations pre- 
vented acid from entering the duodenum, >so the inhibition was 
probably due to a direct effect of ethanol on pancreatic secretory 
cells, We have tested this hypothesis by using the isolated perfused 
rabbit pancreas preparation of Rothraffn and Brooks (8) and an 
in vivo perfusion method (9), Figure 5 illustrates that ethanol in- 
hibits; volume and bicarbonate output by approximately 50 per- 
cent and markedly decreases protein output, 

: ' J 
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Figure 5^ Effects of Intravenous Ethanol on Pancreatic Secretion 
and Tissue ATP and' e AMP Contents, as Compared With 
\Pre-elhanel Values 

PANCREAS 
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Studies have shown that ATP is necessary for pancreatic en- 
zyme secretion (10) and that secretion of water and bicarbonate 
depend on oxidative phosphorylation. Cyclic AMP has been im- 
plicated as a mediator of secretin-stimulated pancreatic water and 
bicarbonate secretion (11), Ethanol decreases pancreatic ATP con- 
tent, but has essentially no effect on tissue cyclic AMP content. 
^ The decrease in ATP may be the mechanism by which ethanol 
inhibits pancreatic exocrine secretion, 

Oral ingestion of ethanol may produce the release of hormones 
from the small intestine. These hormones may then influence, 
other tissues in the body. There is only one report in the litera- 
ture, by Straus et al. (12), demonstrating an ethanol-induced in- 
crease in secretin release. In this area of alcohol studies, knowl- 
edge is severely limited, The lack is due primarily to the technical 
difficulties in establishing the radioimmunoassays for the gastro- 
intestinal hormones. 

Some excellent studies have been conducted on the metabolic 
i effects of ethanol on the liver. Unfortunately; many of these 
\^ studies have been conducted using an isolated perfused liver prep- 
V: Maration or tissue slices, To determine whether the effects of eth- 
anol on the liver are different when ethanol is administered via a 
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more physiological route, i.e. f orally, studies were designed to 
evaluate the effects of ethanol given orally versus intravenously on 
the glucagon-med iated increase in hepatic cyclic AMP (13). Figure 
6 summarizes the results of this study. 

Each group is compared with saline control values, Ethanol, in- 
fused intravenously to achieve blood alcohol levels ranging from 
80 to 200 mg/%, did not alter hepatic cyclic AMP or ATP values, 
However, glucagon (50 Mg/kg) increased hepatic cyclic AMP by 
approximately 2.5-fold, but did not alter hepatic ATP levels. When 
ethanol was administered orally as a 20-percent solution, cAMP 
levels more than, doubled, as compared with saline controls, 1 but 
ATP levels were unaltered. The glucagon response in the presence 
of oral pretreatment with ethanol was approximately 5.5-fold the 
saline controls and more than double the glucagon-alone response. 

The synergistic effect of oral ethanol on the glucagon-mediated 
increase in hepatic c AMP was also demonstrated to be inversely 
correlated with the blood alcohol level. This finding suggests that, 
the more alcohol retained in the intestinal tract, the greater the 
degree of intestinal hormones released. These hormones, when 
released, may then activate hepatic adenyl cyclase, the hormone 
involved in the formation of cAMP, or change the sensitivity of 
the hepatic receptor to glucagon, 

i 

Figure 6, Effects of Oral versus Intravenous Ethanol Admin- 
c istration on Tissue cAMP and ATP Contents in the Liver 
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The must likely candidates for hormones released from the in-, 
testinal tract are gut glucagon and secretin. These hormones evoke 
hyperglycemia under normal physiological conditions. Both hor- 
9 moiies stimulate the production of aclenyl cyclase, hut apparently 
via different receptors (14). These results emphasize the impor- 
tance of conducting integrated studies under as physiological con- 
ditions as possible, * 

Jejunum 

The jejunum is the major gastrointestinal region for absorption, 
and all enzymatic activity of pancreatic enzymes is performed in 
duodenal and jejunal lumen. The absorption of amino acids and 
small peptides is 80-percent complete in the upper 100 cm of the 
jejunum. The jejunum actively transports sodium, glucose, and 
amino acids and thus requires the expenditure of metabolic 
energy, 

Ethanol has been demonstrated, to inhibit the absorption of 
glucose and amino acids { 15, 16, 17). The absorption of these sub- 
stances is dependent, to a considerab'e extent, on the active trans- 
port of sodium in the intestine, Hindu et al. (18) have reported 
that ethanol inhibits glucose transport and mucosal to serosafNa* 
flux, but does not affect net Na + flux. However, in their studies, 
the presence of electrochemical gradients prevents definitive in- 
terpretation concerning the effect of ethanol on active transport 
ofNaV 

With the Ussing chamber preparation— by which electrochem- 
ical gradients across the mucosa can bp maintained at zero, and 
passive (unidirectional) and active transport (difference between 
unidirectional fluxes) can be determined —studies were designed 
to evaluate the effects of ethanol on the active transport of 

* sodium, 3-o-methylglucose, and L-alanine (19). 

Figure 7 illustrates the effects of 3-percent ethanol on the 
jejunum. This" concentration of ethanol may be found in the 
human upper jejunum during moderate drinking (17). The poten- 
tial difference, which was determined periodically during the ex^ 
peri merits, was decreased to approximately 60 percent of pre* 
ethanol values. The active Jpansport of Na*, 3-o-me'thylglucpse 
and L-alanine were decreased to less than 50 percent of pre* 
ethanol values. These effects are observed when ethanol is present 

■ on only the luminal side of the jejunal mucosa or on both sides, 
However, when ethanol is present on only the serosal or blood 
sideline values are essentially unchanged from controls 
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Figure 7. Effects of 3-Percent 'Ethinol on Electrical Potential Dif- 
ference and Active Transport of Sodium, 3-o-Methyl- 
glucose and h- Alanine in the Jejunum 
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Based on their findings that long-term administration of ethanol 
given with balanced liquid diets still produces fatty liver, other in- 
vestigators,^) have proposed that ethanol has direct toxic effects 
on the liver. Ethanol inhibits the active absorption of Na+, 3-o- 
methylglucose, and L-alanirie, as well as enhancing possible,fluid 
loss through increased permeability s so an effective nutritional de- 
ficiency could still exist, despite adequate and nutritious dietary 
intake 
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Discussion of,Paper by Shanbour 

. . /-' . 

Dr. Schenker: I wanted to focus on one point: the decrease in 
the ATP in the pancreas and in the stomach, I have two questions, 
I wonder if yoti have any morphological data on those tissues at 
the same time to see what the mitochondria looked like? Do we 
have any idea as to whether this is an abnormality in synthesis or 
an increase in degradation of the ATP? , , , 

Dr, Shanbour: We have examined the pancreas. We have con- 
ducted EM studies, and the pancreas looks pretty normal. We can- 
not see any obvious histological damage with the ethanol. 

Now, we have approached the ATP question in our studies on 
the gastric mucosa, and we have looked at the effects of ethanol in 
various doses on adenylate cyclase, phosphodiesterase, and various""' 
AT Pases (e.g.. magnesium-bicarbonate ATPase), and we find a gen* * 
eral inhibition in the gastric mucosa. So it is still difficult for me 
to answer whether the primary effect is in the synthesis or the deg- 
radation of ATP. However, in the liver studies, where we have used 
essentially the same techniques and looked at the ethanoT effects 
on adenylate cyclase, we have essentially confirmed Gorman Be* 
tinsky's work on stimulation. So in terms of the gastric mucosa, it 
l.Qoks like a general enzyme inhibition. 

Dr. Lieher: I would like to ask two questions, but before I do, 
perhaps I can answer .the question you raised at the very end. You 
raked the question about what -happens in terms of absorption 
when a liquid diet is given with alcohol, and whether there could . 
be a nutritional deficit. Well, one way we answer that is, by meas* 
uring the overall balance, by measuring the protein output in the 
stools compared to the intake, and there was no overall deficit. So 
whereas segmental absorption may he impaired, f do not know of 
any good evidence that this results in overall impairment of at » 
least amino acid absorption. With regard to your studies where 
you compared the effect of intravenous alcohol to oral alcohol, 
and you mentioned that you were careful to maintainor achieve, -.- 
the same blood level, was this peripheral alcohol, or did you 
mean portal blood levels of alcohol? * 

Dr. Shanbour: It was peripheral blood alcohol levels. 

Dr, Lieber: This raises the important .issue: What the live es 
are different blood levels, depending on the two mocc, ?f 
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administration. I think that is arf important consideration when 
you compare the. effects, • \ 

'Now, another question concerns tho inhibition, of protein secre- 
tion by the pancreas under the, influence of alcohol. Did you have 
an opportunity to see what happens in terms of tissue enzyme 
levels? Was there retention of enzymes normally synthesized;- oj^ 
was there decreased synthesis? t f \ 

Dr. Shan hour: These are studies thatjwe have not be&n able to 
pursue at, this point. t Jhey are planned, looking more an .this 
direction, - ' 

Dr, Lieher: The question 4s really, do you ever achieve, under 
your -experimental conditions by intravenous alcohol, a level com* 
parable to your portal' blood alcohol level secondary to oral ad- 
ministration? It is conceivable that your intravenous system did 
not reach the same level, even, at this high concentration, \ 

Dr, Shanhour; That is possible, "" *' \ 

^Dr. Lumeng: There are two explanations for your finding. Pfie 
is the solvent effect of e'thanol. Th«? other one could be that etfi- 
anol might be metabolized by mucosa, such as gastric mucosa 
.contains ADH, Do you have any evidence that thcaeetaldehyde in- 
formed in this chamber? ,j \ 

Dr, Shanbour: Some studies that we have just recently com-; 
pitted have demonstrated that the' alcohol dehydrogenase activity 
in the gastric mucosa is very low. Considerin^the amount of tissue 
we are examining,' and the .level of alcohol, the amount that is 
metabolized should be a minor Tfactor under those conditions, - I 
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Recent Advances in Zinc Biochemistry* 



Bert 1 Vallee 



I f*vl privili'iifd u» have been asked to come here, because 
/aim- biochemistry, tin- subject which I am to address" relute.-i to 
alcohol directly . >r indirectly. I thought that I would briefly 
**ur\ey tor you thr overall state of zinc biochemistry, a problem 
nor u-*uall> ■ h^-u^-d in into. Much as thr biochemistry of hulk 
constituents of biological mat tor I for example, proteins, carbo- 
hydrates, lipids, nucleic acids, and thai of substances occurring 
. :n Ii'vmt ijuant iiies. i.e., vitamins and minerals such as K + , 

(a- - and Ke- v i are new subjects for general discussion, >:inc has 
not been ami mg them. 

The roll* of /.ine in biology has been studied for more than 
100 years, but its actions have been elucidated only in the last 
decade or [ wo, to a point where they can now \w discussed in a 
meaningful manner, {'here is an ever increasing body of knowl 
edu*\ but its integration continues to require attention. Clearly, 
there is insufficient time to give all relevant background, but 1 
will try to highlight what to me seems to be of the greatest in- 
terest at the moment, while delineating what is seemingly the 
present frontier of knowledge. 

Based on the work of MeCance and Widdowson, Tt has been 
known forover a quarter of a century that the body of an adult 
weighing 70 kg contains about 4 g of iron and 0.2 g of copper. 
Surprisingly, there are about 2, 5 g of zinc. This finding did not re- 
sult in much increased scientific activity. It was not considered to 
he of biological importance, but, rather, thought to reflect the 
passive accumulation of an environmental contaminant. 

One might wonder why there is a difference in attitude re- 
garding the role of nine versus that of iron or copper? The reason 
is obvious but not visible: Iron and iron salts are red. Hence, 
maeromoleoules or other compounds containing this element call 
attention to themselves, leading to ready purification and isolation 
(for example, hemoglobin, identified and crystallized by Pryor as 
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early as l.sUiii. A- u n-nilii' t hi- biochemistry and physiology of 
iron as well as of iron ui'-iaboliMii huvi 1 fwn studied intensi\ ely 
for a long tinit- and an- now tin 1 foundations (if a medical specialty, 
hematology, 

Similarly, i-upp^r *aU* anil .-tipper proems ,uv generally blue 
ami also uUmu ll'y themselves quite readily, lankly for Unit reason. 
In fart. the first copper protein, haemoeyanin. the oxygon earner 
a of arthropods such as ernstaeea and xiphosera and of gastropods 
and eephaiopods, was first recognized in 1847 by Marless, Copper 
did not make it into medicine quite as early as iron, but then it is 
not quite as abundant. 

Thus, tin* visih'r* eolor of iron and copper protrins were de- 
cisive to their early recognition, but zine and its proteins are color- 
less, and hence, do not give away their presence * They were not 
rerogni/ed until highly sensitive and accurate methodology be- 
came available, e.g., techniques such as emission spectrography 
and atomic absorption spectrometry, to detect and identify zinc 
and other metals in proteins and enzymes regardless of the optical 
propertles.of the complexes. 

Despite its wide distribution and functional significance, zinc is 
not unique "to a single protein that occurs in large quantities and is 
readily accessible as, e.g.. iron is to hemoglobin. Hence, its possible 
biological function escaped notice, I was attracted to this invis- 
ible" element a long time ago and 1 will give a brief, highly per- 
sonalized, and, hence, markedly truncated history. 

In 1869 Kaolin found that Aspergillus nigcr\ the bread mold, 
did not grow in the absence of zinc. The studies went completely 
unnoticed. The next step took place m France, in 1877, when zinc 
was found in plants, vertebrates, and the liver. Not until 1934, 
however, did both Bertrand and Elvehjem independently show 
that zinc deficiency results in a series of abnormalities in rodents, 
In 1940 Keilin and Mann found that carbonic anhyclrase U a zinc 
enzyme, the first one to be discovered, and the first enzymatic 
role for zinc became known. For the next 15 years, many bio- 
logical studies of zinc attempted to relate its presence to carbonic 
anhydrase function. 

In 1954, in collaboration with Hans Neurath, I found —by 
means of emission spectrography — that zinc is an enzymatic-ally 
essential constituent of carboxypeptidase A, The establishment of 
that method gave the first impetus to systematic search for and 
studies of zinc enzyme; the advent of atomic absorption spectros- 
copy 10 years later accomplished the rest. In the next few years, 
we found >anc in carboxypeptidase 8, and, importantly, in the al- 
cohol dehydrogenases of yeast and horse liver, The yeast enzyme 
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had been known since I'aMeur's day«, v and scientists had searched 
tor it in liver, amonu.other suunu's, 

Because this symposium is devoted to the question of ethaitol 
metabolism, it is appropriate to tiive some background* regarding 
our »';irli»-r studies. They uviv not i -rit iri-I v aeeidental. Work done 
about LUol), by Nathan Kaplan, Sydney t'olowick, and Alvm 
Nason. ail of then? at the MeC-Mum Pratt Institute, had initiated 
studies of zinc deficiency in Xfitruspora crassa and found that • 
in contrast to the normal the deficient organisms did not exhibit 
alcohol dehydrogenase activity. I'ndorstandably, at the time, they 
interpreted the finding to mean that a zinc-requiring enzyme was 
responsible for the synthesis of aleoliol dehydrogenase. For laek 
of suitable methods, the obvious could not be tested. 

On fuundinu of our laboratory, one of our first experiments 
eoneerued the metal analysis of yeast alcohol dehydrogenase, and 
we \\nmt\ it to contain t g-atoms of zinc per mole. At that iimts 
the physical chemist, Charles Coryell of MIT f was one of the few 
who believed that metals might be important in biology— an 
article of faith at that time. I went to see him and said, "Charles, 
I have 4 what seems to me a most improbable finding: yeast alcohol 
dehydrogenase contains zine and the enzyme s function depends 
on it, Would you have expected that?" lie looked at me, thought 
for > 2.. minutes, and said, "\\'u, but now that you have found it, I 
will explain to you why it is there/' tie did, but we - and many 
others —are still trying. 

Our earliest I no nenzy malic ) work in 1956 dealt with alcohol 
and zinc metabolism in cirrhosis, and we found some relation- 
ships, The work revealed that the zinc content of serum and liver 
of such patients decreases, hut its excretion in urine increases. 
This finding has been confirmed widely since, but decisive thera- 
peutic results have not yet been reported. 

. In subsequent years, biochemistry generally, and the charac- 
terization of enzymes specifically, rose to unprecedented heights 
in terms of opportunities for isolation and study by methods 
hitherto unavailable, and we developed and applied such pro- 
cedures to isolate and characterize metalloenzymes. For some 
reason, attributed erroneously by some to our persistence in 
pursuing zinc, we found a number of zinc enzymes. Actually, I 
must give credit again to emission spectrography, which is quite 
free of bias even though some of our best friends claimed that our 
spectrograph contained a "built-in" zinc line to be recorded when- 
ever we analyzed any enzyme, We have a number of examples, 
however, that show this supposition to be much exaggerated, 
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Very qmekls thiMi. ihe qui'siiuiis boranie. whai eould one learn 
ahout tliis element'.' What is ll> fum-tnm? Zme haj never en- 
UenuWed a iireut dr-.il iif enthusiasm on tin- part of ehomists, bio- 
ehemists, or hiulouisis: Oiemieally, it seemed quite iminieivstin^, 
I* :s neither i>\iili/i , i! imi" rt'iliir.'d; :t is no! paramami*'! luul it 
iUh'?» not yield eolored produei>; m tail, it reasonably men. 
mueh as. any element ran br. Why shnuld btolouy bother with tlu 1 
extensive us*.' of sueh an element',' Hiolouieally. too, it seemed 
quite improbable, And so, the emertjenee of its importance be- 
eame then, a matter of the eoneurrent advuneea in eheniistry, 
botany, bioehemi.stry, microbiology, nutrition, teratology, ami 
nu'daaniv N\»w it seems that zinc has no end of effeets on every- 
thing and m anything. 

Thus there has been a tremendous explosion of knowledge and 
understanding a ad workers from many disciplines have partici- 
pated to t'Stabiis'i a new discipline that is -till developing metiillo- 
bioehemistry, eneompa^ing that of zinc. Although there were but 
two zinc niMtalloen/.ymes, carbonic* anhydruse and earhoxypep- 
t id use, in LH5 1, by 197 7, there were 92, Table 1 gives some 
examples. 



Table l e Home Zinc Mctalloenzymes 



Enzyme 


Source 


Alcohol dehydrogenase 


Yeast; horse and human liver 


D Lactate cytochrome reductase 


Yeast 


G 1 v ce ral d eh y d e pi io s p h a t e 


Beef and piu, muscU ! 


dehydrogenase 




P h o s p h D ^ 1 u c o m u t as e 


Yeast 


R N A po lympra.se 


E enli 


DNA polymerase 


E vail 


Reverse transcriptase i; 


A v i i n m V e! o hi i-stosi s virus 


Mt*rca pt a py ru vat t» s u 1 f u rt ra ns t*e r as** 


E coli 


Alkal me phosphat ase 


E. a ill 


Phosphul ipase i 1 


fUwillus evens 
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\\>- uriv r»^i'< ifi-ii»|f for * - - r ; i I j 1 1 - [ 1 1 n u the criteria, bv whieh they 
uvrr.i haru^ten/ed, hut \w- certainly did not identify all of them 
as ,:::;r eu.'ym?-* by any m«\in*" although we ran be held ao ount- 
iible fur a numbt-r uf ihrm. Aicoliol dehydrogenase is at tin* tup 
• • ' ■ - ■ . i • \ - 1 ■ : • - ' . - a . . « 1 1 i i . i " : * » ' i ■ i s ! ' » i i » » < ! a i * \ i ■ a .m . [ 1 i a ! U > , and 

in th<- 1 a er » f \ erf eh rate*, par' ;« :, aiarl\ that i >f the horse. 

I f > ' !'M**:!«!e in Mv- characteristics, properties, anil 

imphraUiuH even a fraction of those in this list. Suffice it to 
*ay t h ut [here at leant one zinc enzyme amonu the six classes of 
the :n tt-ntaMt mal munencjat ure of" I'n/ynus: oxidoreductases. 
fran^iWu^e^, hyi I :*i dase*. lyase*, isoiuerases, and liuavs. I hat some 
ol tnesr lanad oal lo itr /an' fii/) me** Ufiv .ureal surprises; thus, 
^animoiev ulmic acid dehydratase. critical -to tlir synthesis of 
porphyrin*, was an unexpected addition to the list. Similarly, 
many ■ ■rii»-i"-* are HHohed m the -synthesis of nucleic acids, i.e.. 
DNA and K\\\Mli-pendent DNA and RXA polymerases, iv- 
-.| •»•!•! e. t-h . .i fmdinu which came a> another iireat sensation to 

.1; llli ea ef\ 1 lilt'. 

At th;- point I would like 1 1 _> say a feu words re^ardinu the 
manner in whirls /ane interacts uith enzymes and how this nuilht 
dit'ter \i>v '■■ j;';' ea -• , ' a i e m*'-tallt >en.-" vines, and also to discuss a few 
^denuN about human alcohol dt ; lydro^'enase, which we have 
isolated and purified recently after trying for about lo years. 1 
will touch then on some of the consequences of zinc deficiency, 
both in im\«T. and higher organisms, purt icularly humans, hut wall 
'ease the relevant details of metabolic st udies to Drs. Kalehuk. Li, 
and Bosron and, to I )r. Hurley, for the teratolouacal consequences 
which were not anticipated. At the end, I will say a few words 
about how we actually came into the field, because that relates 
U) the di^« ■ ii'-ry of /iue m the- rev • > i rauscrii a ase from on- 
eok-enie C * virus's, 

If one w-re to play a "parkir.L. • * • ■ • inoruanie chemistry re- 
uardinu ni-faU and their ImamU, an . were to say "zinc/' the 
reply would he "sulfur," much as the reply io "eideium" would he 
"(jKViien. So kno wN'i lift* of aioreanic chemistry svould lead one to 
expei't sulfur to be ih<> predominant Zinc* Huand in eirzy mes. But 
this is no! j, not in earhonii*: anhydrase\* Both the primary se- 
quenep and three=ditnensional struelun 1 have been "established lony 
since and show that the zinc atom is bound to three histitlines. 
Nor, for that matter, m eurboxypeptidase, an enzyme on which I 

have ^OeUt iJ- > V*\iVy t 

In this ca^e ill ere arc two hisfidines. residues — 196 and ^h\). 
anci one u"lu ? am ic acid-resalue —72: lieiiee zinc is fiound to two 
—Hrrmi^Mis ara! one oxygen, much as \* the case in t hermoly sin 



Figure I. Zinc Liuumls at the Ai'tive Center of t'arboxypeptidase 

HIS 196 




ifikjuiv 1 e lh< pnmarv sequence and three-dimensional structure 
of ;il! thn«»- ui tiu-c rn/ymes haw also been studied* and, in nil 
of these instai;<-es. tht 1 metal is bound in a most unusual manner 
us compared with model systems, 1 .will not discuss the details of 
the implications, hut wv have elaborated the entatic state hypoth* 
r.-as. u h ich states that the geometry of enzyme metal coordination 
is highly irregular and has low symmetry compared with that seen 
in forH»'iit iona! models tins O k * mi e try relating m some manner to 
the rnecham.Mn of actum, hi any even*, all of the X-ray structures 
that "nave been performed on en/.ynms containing /*inc or other 
nmtaN an- consistent with this predict ion. Apparently, biochem- 
ical .-.Vsrems havr found characteristic ways to hind and handle 
ni/'tals -amh as to result in *m/ymatic activity. Thereby they simul- 
tan* -on sly aimment tlm tremendous diversity of biological specific- 
itv required, which can only he achieved by innumerable, dif- 
ferent arrangements of the various components of biological 
mucr* iiivili'fi lies. 

The active stt* ? of alcohol dehyr Imgena.se, of course, is organised 
differently auain, There, sulfur donor atoms are actually involved; 
m fact, two cysteines and on* 1 histuline, i.e., two sulfurs and one 
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n::r< u'-n bind ? hf icm^- a'«' -'in* ,i s i»:u^, while the fourth coor'dma 
\ :\*>\ \ ^f't- I*, open in w ater i ?r mi \ »M ra' iv I hi 1 hi m'm s and human !i \ er 
r-Ji/yiin^ eonum h\" /lilc ' a I oill* I'tT each of tilt' two *iibunii*. 
hiMii-i- a h'tal of lour /i nr ah *m^ = 

i>I liu' h< >i« h'ii/a an»* are a* ■ t !\ <■ . I hey bind two NAIMl's, t\ui moles 
5 ■! -ubMrah-. :iihi two !ih )ir-. 1*1 mini »it » u** oer each of the >ubimits. 
l h- ' sivuinl pair of two /ane atuiii's is nut active; \\ is huuiul to four 
«. "•, iiciiit^, wind hecc* four suitur donor atoms til! tin 1 coordination 
sphere, no further -i t« * is t ip**n fur any interaction of water or suh- 
irate* i figure Lje Ihese /ane atoms an* luiiiml very firmly. They 
nu^e mm known r < 'it* ndi^r rhan perhaps struvunv stabilization, A 
similar mvuiuI m1 of "'strurturar" atoms exist s in ihi- human en- 
/,y nil* hut is not present in the wast enzyme. 

1 won't dwell on that further except to say that X-ray structure 
an iUy sis, as determined *hy Brunden and coworkers, has found tin* 
coordinat u »n at the active sin- /anc to he "entalic." /ane is indis 
[it'ii^ahle fi«r tii*- activity of Lhe>e enzymes, e\eii though, of course* 
\\r ha\ • • Micceeded in substituting /ane with cobalt or eadmium 
and h» aii [iiese derivatives are catal ytieaiiv active. The chemical 
pri»[»i'r!*ii ! ^ of «he*e >«!fnients are advantageous to probe the aetive 
center euvm mmeul . So mueh of our work on this and ol her /ane 
enzymes has dealt with exehaninnu" it for other elements. But 
these aspects of tlie .work are not really pertinent here, 

bur tins a Lid ie nee. f 'must spehd a moment on human alcohol 
dehydrogenase' Certainly liver alcohol dehydrogenase is the 
enzyme primarily responsible for oxidizing the bulk of the eth- 
ariol consumed ^ Dr. laeher, no doubt, will have comments about 

Figure 2, Ligandi of the Catalytic (left) and Structural (right) 
Zinc Atoms in Horse Liver Alcohol Dehydrogenase 
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uther i»\uLiii\«' o.'ii huay in any e\eut, pyrazole u;is thought to 
inhibit :t!l Iner alcohol dchydrogenaM'v l"hi> compound, and many" 
nf ir^ f It'tTv ai i\ t uvsv tin Hitlhl r .« > hind to /me. alt hough thl* u as 
mostly implied ami iit-vi-v proved, i i is now diffit'iilt to see limv 

• hr. Hetiume ami I fir>t tried, with liv Vnn Warthurg. when he 
w;h a pi'M'arcii fellow ai my laboratory year* auo, to isolate t li t * 
human enzyme, but the isolation of enzymes from a complex 
tK-an* hkc' the human liver proved difficult, to say t he least, Never- 
theless, wi 1 were able to show that it is a zinc enzyme, hut wo did 
not ^iiivi.'t'd in purifying it to homogeneity , More recently, l)r, 
[niMiii- i »i»i,ji;if , j] it m j > i j ri t"i »*t J pinn while working dm hi> the>N, 
With assistance from members of tin 1 laboratory staff, particularly 
Dr. K ion! an. he designed an affinity chromatographic procedure 
hv Imkiiiii n to l-inethylpyra/oU 1 through an arm 14= lb \ long. 
I h is was then attached to an insoluble earner, resulting in an 
affinity ehroruab jgnif »hic column that selectively binds alcohol 
dehydrogenases from any source. The inhibition constant, Kj. for 
alcohol dehydrogenase is particularly favorable, Py razole is an ex- 
cellent and .M'leetive inhibitor of the enzyme. Now the Theorell- 
Chanee mechanism postulates that, for catalysis to occur, the se- 
quence of coenzyme followed by substrate binding is obligatory. 
When substituting an inhibitor, like py razole for substrate, an 
abortive complex forms, which, in the present instance*, causes 
alcohol dehydrogenase to bind to the pyrazole column, while 
all other proteins pass through. However* th* 1 substrate, ethanoL 
when in excess, will then compete with the enzyme for 4 -methyl* - 
py razole and displace it, thereby el ii ting the enzyme, followed by 
subsequent catalysis resulting in NADU and the aldehyde. 

The double ternary complex affinity chromatography used here 
was based on the validity of the TheorelbC f hanee mec hanism pro- 
posed ; the successful isolation of the enzyme, indeed, con firms-it. 
KJution with ethauol dissociates the enzyme from the pyrazole 
column, resulting in an active* enzyme homogeneous by physico- 
chemical criteria and a nrecedmg peak of varying height, the 
nature of which f shall mention later on. Drs. Li and Bosron will 
elaborate oil this problem m iheir presentations. 

the procedure requires about 8 hours to isolate human liver 
alcohol dehydrogenase in contrast to our earlier efforts -2=1 2 
years with Dr. Von Wart burg and then, later on, another 2 years 
wir h I )r lilair wirhoiif achieving purification anywhere close to 
that obtained now. The substrate specificity of this pure material 
turns out to be quite broad. Kthylene glycol will do nicely as a 
substrate as will methanol. 
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! iIimmm'n .hv now curable when treated m lime, based mi 
the ft.-lati\t* a ft'nut u-s c»f f.hr cn/ymt- inward methanol and eUiyleue 
silyt'i.*! as* o unpared with rthanol, I'oisonuii! with methanol and 
I'thylem- aiyeol t an he handled hy administering ethauoL which 
tlv »n/ytV:i i I'xiil'./.i"' pr*'f»-r»M:! ia!!v. comp'-unu wit li the potential 
fjdiMMi.i and piv\ ».til h iu tfie I'm'inal ion of ioMr products that canst/' 
rin- ft'Niittant i hsurdtTv 

I he characi iTiscn •< 01 horse and human eruynies art* amazingly 
similar i fiuure ."Ji, although there are some differences in terms of 
tile K m and K[ The mystery remains why the horse's liver eon- 
taiiLi -o nuii'h of an enzyme of which it presumably needs so little; 
provider.ee mv::> :o have prepared the horse more than ade* 
uiLilely tor a [To hit 4 in which that spe* ie^ does not have Humans, 
instead, seem to have been shortchanged, but I hope to say a 
word about that in a minute, 

\ laru'e amount of work has been done on tin* enzyme, of 
course, including its genetics and catalytic properties, hut all of it 
on impure material; m tact, much of" it has been clone on crude 
ri>Mie extracts. These were examined on agar slabs and gels, and 
the iienetie propositions that have been advanced are based on 
what one mejht consider somewhat uncertain bioehemlcaJ founda- 
tions. However, although there are clearly many isoenzymes, the 



Figure 3 S Properties of Horge and Human Liver 
Alcohol Dehydrogenases 
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genetics an' titM known definitively, We have isolated the eu/.ymes 
from the rabbit, the rut. the horM 1 , Uiul the human hy means of 4~ 
methyipyrazole column chromatography, and we are now address- 
ing the isolation of isoenzymes from the human material to under- 
take genetic and other studies \\ : ! h pure material, 

Dr. Li hah pursued the problem in Indianapolis and lias obtained 
the tt 5 and p\ and ") bands, identified previously hy Harris and co- 
workers. In addition to these eathodie bunds, he has also observed 
an anodic species which he has called "the anodic hand." Ap- 
parently this hand had not been observed by other investigators: 
certainly it had not been reported. This lack is probably because 
the en/yme respo^MbJe it j r its occurrence disintegrate^ rapkll\ 
unless the liver specimen is fresh and even then it docs. not seem 
to be detectable m all human livers studied so far and to the same 
decree. Yet, working in collaboration with them, we have now 
isolated and purified this material using variations of the new 
double ternary complex affinity ehromatugraph method, 

I am not going to preempt Prs. Li and Bosron \s "thunder"; 
they are going to report on this work later on. Suffice it to say 
that our collaboration with them resulted in :he isolation and 
purification, in homogeneous form, of a new alcohol dehydro- 
genase that has a high K m and a very 1 high Kj toward 4-methyU 
pyrazole — the latter so high, in fact, that the enzyme remains 
virtually uninhibited, except by extraordinarily high concentra- 
tions Otherwise 'ts characteristics are the same as those of the 
other bands, and u s form constitutes about 16 percent of the 
total liver enzyme. We have named it 1 1 -alcohol dehydrogenase; 
its characteristics have been described in a manuscript that has 
just appeared \Proc, Nat, Acad. ScL . 74, 4378, 1977), Its de- 
tection may well require a reappraisal of present views of the 
genetic basis of formation of this enzyme, 

I will insert a word for. Di\ Noble s sake because he considers 
it important that the public he aware of the biochemical prob- 
lems underlying alcohol oxidation abuse. While Dr. Li and I were 
writing this manuscript, we were reminded that the daily news- 
papers hove become accustomed to reporting on the "carcinogen 
of 'the week," The country has been placed into a state of chronic 
"carcinophobia," to coin a word, As best as one can tell, if we do 
what is implied by all the well- meaning advice given, we should 
progressively cease to eat or drink most anything that comes our 
way because virtually all food or beverages might contain a ear* 
einog^n, and, hence,, be lethal. Our data- do not bear on that 
phobia and such concern may He justified, but much of the 
discussion regarding those public health problems remains 
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hypothetical, di Ifu^t when compared with those regarding the 
ethanol problem. 

This is hardly hypothetical: It is real. There is no question that 
ethanol consumption can be hoth toxic unci lethal, and there is 
e< ■ mpl» , te certainty th.il morbidity and mortality art* direct results 
t j f it.s consumption. Howe\ei\ tin 1 obvious chemical hnsis of these 
effects is invest itcated with such reluetatU'e that one might wonder 
whether or not the known chemical origins of the resulting dis- 
eases are either ignored or rationalized away, Home 10 to 15 mil- 
lion affected individuals in this country are afflicted, with some 
1 10. QUO a year dying, 1 am told. Hence in this instance, no guess 
i.i required, and 1 am amazed at the lark of support for intensive 
bioch ? ";nicui studies. One is compelled to wonder whether or not 
these circumstances denote unwarranted indifference, Compared 
with ""eareinophnhia/' there is very little public discussion*, and 
considering the known effects of ethanol as compared with those 
postulated for infinite numbers uf other agents, the expenditures 
for either are even more discrepant than might he reasonable. I 
think the ethanol problem is one of the most widespread, press- 
ing, and intriguing problems yet to be dealt with in terms of 
toxicology and medicine. 

Well, little time remains to say much that should be included. 
In rapid order now, I should say that a large mum her of orga- 
nisms can be rendered zinc deficient, the flagellate Euglena gra- 
cilis (figure 4), which Dr, Falehuk will discuss, being one of these. 
His studies of its cellular metabolism are of general import regard- 
ing the function of zinc in nucleic acid, protein synthesis, and cell 
division. As a consequence, the teratological consequences of zinc 
deficiency to be discussed by Dr. Hurley can be appreciated better 
in biochemical terms. 

A number of diseases in both animals and humans are zinc re= 
la ted. It has been known since 1955 that swine fed a calcium- 
fortified diet develop parakeratosis, a conditioned zinc deficiency. 
The zinc content of the diet is normal, but added calcium renders 
the amount of zinc present insufficient for normal growth, Cessa- 
tion of growth, weight loss, and ultimately death are accompanied 
by collagen infiltration of the skin and esophagus. Dr. Prasad's 
(and other investigators') work on dwarfism in Egypt and Iran, 
where zinc deficiency results in arrest of growth and sexual de- 
velopment of humans, has been discussed widely, and I will not 
dwell on it further. 

Three years ago, a genetic disease, first described in 1942, acro- 
dermatitis^ enteropathica, was shown unequivocally to be a zinc 
deficiency, It manifests with dermatitis, diarrhea, and alopecia in 
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Figure 4. Electron Micrographs Comparing the Ultrastructure of 
£\ gracilis grown^ 10 Days With or Without Zinc, Re» 
spectively ' \ 

A 1 
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Kndusonu* 
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iO days Z-n deficir'nt medium 



The zinc-deficient organiimi are significantly larger; their cytoplasm contains 
an abundance of paramylon, and large masses of dense osmiophilic material 
presumably rich in lipid. The size difference is actually greater than is appar- 
ent, because the micrograph of the zinc-defici^it E. gracilis is shown at some- 
what lower magnification so that the whole organism can be included, i,e M X 
8500 and 6500, respectively. 
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childhood and is arrompamrd hy mental retardation, LieheraUy 
first seen in infancy. ThoM* ufflicted have been known to survive 
m tn and beyond puberty , bin the disea>e has horn fatal, However, 
m\m- is a spiH-ifii 1 and complelelv rural no auent iffgure nlrThe 
malady apparently ivpivM'iu^ li t- first m>tain;e of a completely 
/me-dependent human disease. Neither the mechanism nor tin* 
huM of the pathophysiology i> km a* yet, but, finally,, nu w 
then is a proved instance a on- . >• one relationship between 
/inr and a human disease pnri^; presumably, it will be possible 
to study ii in a decisive manner, 

Interestingly t hi - imparl iif this i!isro\ery has already become 
apparent in surgical patients. A siroup of workers in New Zealand 
has .reported a /anc-deficiej.. y syndrome due to intravenous ali- 
mentation poslenteieriomy. The patients in question were fed 
exclusively hy u»in subsequent to massivu resection of various 
parts of their iniest mal trarts heeause the remainder of the tracts 
were insufficient to allow adequate absorption of nutrients. -Ml 
patient- developed a syndrome that resembled the signs and symp- 
toms de-rnbrd m acrodermatitis enturopatliica in virtually all 

Figure 5« Artist's Rendition of the Consequences of Zinc Therapy 
in A, Enteropathica, Before (left) and After (ri^ht) 
Therapy 
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.details. Addition of zinc to the intravenous feeding promptly re- 
versed ail manifestations. Thus, zinc may be expected to join cal- 
cium, magnesium, sodium, arid potassium in the care of surgical 
patients. 

I thought I would close on a rather personal note retrospective 
to my entry into this field many years ago; to me, it reflects the 
field's development and growth. Time precludes the presentation 
of details, but zinc has turned out to be involved in virtually all 
phases of metabolism, a great surprise to me, but one that is not 
exactly unpleasant, " " 

. In a way,, 4th e manner in which I got involved is somewhat "off- 
beat," as Is often the case, I was working on blood preservation 
fcr the Office of Scientific Research and Development in a joint 
Harvard-MIT project at the end of World War II and decided to 
investigate the preservation of normal and abnormal leukocytes. 
Hence, I separated them from erythrocytes by flotation on human 
serum albumin, a novel procedure tfien. I examined the leukocytes 
£>y emission spectrography, and surprisingly, normal leukocytes 
contained a relatively large amount of zinc while that of leukemic 
leukocytes was markedly diminished. In a paper submitted in 
1947, we said, 4 Tt is possible that there is a zinc enzyme con- 
cerned with myelopoiesis, and that there is some disturbance of 
this enzyme in leukemia/' 1 had \ruled ouHhat it was. carbonic 
anhydrase, the only zinc enzyme then known. , * - / 

.The reverse transcriptases from oncogenic type C viruses (vi- 
ruses that tause leukemia in a number of species) participate in the 
incorporation of viral into cellular DNA, In view of the presence 
of zinc in DNA and RNA polymerases and its essentiality to their 
action, it seemed reasonable to suspect that this element was also 
present in the reverse transcriptases, 

Unfdrtunately these enzymes were available in amounts too 
small to perform metal analyses with equipment then available, 
However, inhibition studies with chelating agents indicated the 
presence of a functional metal^but not its identity, of course, W<* 
therefore developed ' a new instrument with detection limits suf- 
ficient to detect transition and IIB elements in picogram quantities 
of enzyme, of -which— in- turn -we could only obtain microgram 
amounts, The result, a microwave excitation emission* spectrom- 
eter, can identify and quantitate from 10" 11 to 10~ 5 g-atom of 
metal in 5 ^1 containing about 1 "microgram of protein with 5- 
percent precision, . . 

Dr. Auld devised the mjeromethod, using one single drop of a 
sample from a Sephadex microcolumn used to purify the enzyme 
from avian myoblastosis virus, Zinc, protein content, and activity 
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were determined in all Sephadex fractions, resulting in a peak co- 
incident for all three parameters. Two g^atoms of zinc per mole of 
enzyme were found in the most active material, 

Since then, we have analyzed the analogous enzymes from - 
mouse, monkey, gibbon, ape, and baboon viruses with analogous 
results: sAU of them are zinc enzymes. Zinc is clearly critical to 
cellular division, replication of DNA, formation of RNA, and pro- 
tein synthesis, A metabolic chart now shows where zinc is in- 
volved in translation, transcription, and formation of zinc proteins 
and enzymes (figure 6), 

Clearly, zinc biochemistry is not wanting for opportunities to 
perform imaginative work to define its role, including that in 
alcohol metabolism. 

Figure 6. Zinc in Nucleic Acid and Protein Metabolism 
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Effects of Zinc on Cellular 
DNA and UNA Metabolism* 

Kenneth H, Falchuk " J 



It has been more than 100 yearn since zinc was found to be 
indispensable to the growth of Aspergillus niger (1), and almost 
that long since Its presence was established in plants and animals 
(2,3). 

It is now evident that zinc is essential to normal growth and" 
development of all living matter (4), Zinc deficiency results in. 
major abnormalities of composition and function, although the 
manifestations are complex and can' 1 vary, depending on the par^ 
ticular species studied (4,5,6,7,8). An increasing number of dis- 
eases are proving to be related to zinc deficiency, both in animals 
and humans (9,10, 11,12), Zinc deficiency during pregnancy re- 
sults in congenital malformations .of the embryo, particularly *hy 
affecting growing or proliferating tissues (13), The consequences 
of more subtle metabolic interactions; as in alcoholic cirrhosis 
(14) and other diseases (15), and the basis of genetic or terato- 
logic al defects (16) have not been examined widely. 

In spite of the major advances establishing both the partici- 
pation of zinc in enzymatic catalysis and many aspects of presum- 
able mechanisms, knowledge concerning the roles of this element 
in cell division and the associated metabolic events is surprisingly 
sparse. The reactions in which zinc is essential and in which its 
failure to occur becomes limiting to cell growth have not been 
recognized, defined, or integrated. 

We initiated a series of experiments with E. gracilis, strain Z, a 
eukaryotic organism w^ic^We^fourrd^initable for studying Jthe bio- 
chem ical - basis-fur Tfi e requirement of zinc for growth, and particu- 
larly, for defining the metabolic consequences secondary to its de- 
ficiency (17). The organism is obtained in homogeneous form; 
its growth is sensitive and responsive to the zinc content of the 
medium; and it can be disrupted readily to allow definitive 

*Th is work is supported^ in part, by Grant-in-Aid GM-15003 from the Na- 
tional Institutes of Health. 
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measurement on subcellular organelles as well as such metabolic- 
ally critical components Us nucleic acids, proteins, carbohydrates, 
lipids, phosphates, metals, etc, Decrease of the zinc concentration 
of the culture medium from M to less than 10 -7 M arrests its 
growth (figure H Concurrently, its zinc content (table 1) do* 
creases to less than 10 percent c>£ that of zinc-dufflc'Ient cells. Rais- 
ing the zinc content of the medium to 10 ' 5 M completely restores 
normal growth within 36 to 48 hours (17,1849). 

A number of striking chemical changes accompany 4he prolif- 
erative arrest induced by zinc deficiency. Cellular DNA content 
doubles; cell volume increases; the protein content and 3 H^uridine 
incorporation into RNA hoEh decrease; and peptides, amino acids, 
nucleotides, polyphosphates, and unusual proteins accumulate. 
Further, the intracellular content of Mn, Mg, Ca, Fe, Ni, and Cr 
increases from 3- to 35 fold (18,19), and we recently found that 
the Cu content of the orgahism increases as well (table 1), 

As part of uur aim to determine the basis for the proliferative 
arrest, we undertook to detail, delineate, and define those steps 
of the cell cycle of E. gracilis affected by zinc deprivation, Toward 

Figure 1. Growth of Zinc-Sufficient (*Zh) and Zinc-Deficient 
(-Zn) E. gracilis Grown in the Dark 




'DAYS 

2ine-sufneU?nt medium contains 1 / iO" 5 M Zn 2 "; sine-deficient medium, 
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Table I . Metal Content* of (+Zn) and (-Zn) \ 
E. gracilis /' 



Metals 


( + 2n) 


(-Zn) 


Zn 


5. HO 


0 = 80 


Mn 


0.01 


0.35 


Mm 


3.00 


15.00 


Ca 


0,20 


1,00 


Fe 


1.60 


12.00 


Ni 


" ' 0.09 


0,24 


Cf 


0.12 


0.36 



this end, we have examined the DNA content of zinc-sufficient 
and deficient cells by means of laser e x e i t a t i o tr e y t o fl uo r o m e t ry 

A I iq iK its of cells were collected for analysis of DNA content by 
flow eytufluommetry. The cells were stained with propidium di- 
iodide solution and analyzed in a eytofluorograph (Model 4801, 
Bio physics System, Inc., Mahopae, N. V, ). The flow system of this 
instrument allows passage of one cell at a time through a 100- 
mieron orifice (Res trie tor valve) into a flow chamber where lam- 
inar flow is induced by a sh"ath of water. The cell traverses 
through exciting, monochroma' ; r radiation from an Argon ion 
laser beam tuned to emit at hm, The resultant fluorescence 
of propidium di iodide — DNA con pi exes of the cell nucleus— is 
converted to an electrical signal by a photomultiplier; the output 
is displayed on the horizontal axis of a cathode ray tube, The sig- 
nal also enters a multichannel pulse height distribution analyzer 
I Model 2100, Bio/physics Systems, Ine s , Mahopae, N.Y.) where 
the frequency distribution of the pulses as a function of the mag- 
nitude of the signal is stored in a memory unit and subsequently 
displayed as a histogram, A total of 100 channels are used, and 
the abscissa of the histogram reflects increasing linear values of 
the fluorescence signal, The numbers of cells recorded in- eaeh\ - 
channel are registered simultaneously on a printout tape system, 
allowing quantitation of. the number of cells fluorescing at a 
characteristic intensity. 

Incubation of mammalian cells with RNAse, prior to staining, 
has been shown to obviate interference by RNA in DNA analysir 
(21,22), as was shown to be true also for E, gracilis (20), 

The histograms of DNA content of cells in each phase of the cell 
cycle have been identified by using synchronized cell population 
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(20), Log phase cultures contain organisms in all stages of the et?ll 
cycle. A histogram from a log phase culture of fc\ gracilis stained with 
propidium diiodide and analyzed in theeytafluorograpTi is shown in 
figure 2. The major fractions of cells are in G P with an unrepli- 
eated genome; the remainder are in S or in G.j or M phuse of the 
cell cycle. 

The DNA content of early stationary, nondividing culls was 
examined next. Figure 3 compares the pattern of early stationary 
phase zinc-sufficient cells with that of zinc-deficient cells, ob- 
tained when cell division ceases. The histogram of zinc-sufficient 
cells demonstrates that the majority, although. not all, of the cells 
in stationary phase are in O i% with a smaller number in S. In con- 
trast, the pattern of nondividing zinc-deficient cells is typical of. 
that of S/G 2 . The latter Mis have previously been shown to 
cease dividing on depletion of zinc in the growth media (19), 

The resulting histogram of DNA content suggests that as the 
no asynchronously growing cells in the zinc-deficient media are 
deprived of zinc, those cells that are in S do not continue to Go, 
and those that reach G 2 do not proceed to mitosis. Moreover, a 
small fraction in O x is also present. To further detail the effect 
of zinc deprivation on the Gj to S transition, early stationary 
phase zim>suffieient cells, known to be mostly in G l (figure 3), 
were incubated in media deficient in zinc. Figure 4 illustrates that, 
following incubation in this medium, there is a 2 5- percent increase 



Figure 2. Schematic Diagram of Flow Cytofluorometer 
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Figure? "3, Comparison of DNA Histograms of ( + Zn) and (=Zn) 
E t gracilis 
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majority of ( + Zn) cells are in Gj with a small, fraction in S In contrast, 
livid ing (-Zn ) cells art? mostly in S or Gg, with a small fraction in Gi . 



in cell number, followed by cessation of growth. Addition of zinc 
to the medium confirms that the absence of zinc is responsible for 
the inhibition of cell growth, Within 24 to 36 hours of the addition * 
of zinc, the cell numbers increase by 200 percent, reaching those 
expected for a zinc-sufficient culture, The cytofiuorornetric anal- 
ysis of these cells (figure 5) demonstrates that, prior to the addi- 
tion of zinc, when cell division has ceased, almost all cells in- 
cubated in zinc-deficient media are in G l phase, Hence, zinc 
deprivation of cells in Gj blocks their progression into S. Addition 
of zinc to these cells reverses the block of their cell cycle, restoring 
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Figure 4, Growth Characteristics of Early Stationary Phase (*Zn) 
CeUs Incubated in (-Zn) NJedia 




DAYS 



Following incubation there is a small increase in cell density, followed by 
a cessation of cell, division. On raising the zinc content to 1 x 10~ 5 M, there 
is a striking increase in ct-il division, the final density reaching that expected 
of a f + Zn) culture. 
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Figure 5, Comparison of the Histogram of DNA Content of 
E, gracilis Incubated in (-Zn) Medium Prior to and 
Following Addition of Zinc 
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Following cessation of cell division, the majority of the (-Zn) cells are in* 
Oj t with a small fraction in S. On addition of fine, the number of cells 
blocked in Gj decreases and a histogram typical of log phase cells results. 
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the normal pattern uf division of eulU, which becomes identical to 
that shown in figure 2, Clearly, the biochemical processes essential 
for cells to pass from G 1 into S, from S to and from G 2 to mi* 
tosis depend on the presence of zinc, and its deficiency can block 
all three phases of the growth cycle of £. gracilis. 

Indirect evidence suggests that zinc is essential for the function 
of DNA polymerase of £. gracilis (23). Howetfer, the results of our 
cell cycle studies led to the conclusion that the limiting steps lead- 
ing to the abnormalities of the cell cycle and the consequent pro- 
liferative arrest eannqt be restricted solely to impaired DNA 
synthesis. 

Studies of E. Gracilis RNA Metabolism 

Relative to zinc*sufficient cells, zinc-deficient E. gracilis in- 
corporate ^uridine into RNA at a reduced rate (19). However, 
they .accumulate peptides and amino acids and their protein con- 
tent is reduced .(18). These observations focused on derangements' 
at the level of translation in zinc-deficient cells. Such derange- 
ments could potentially be responsible for both the observed 
blocks of the cell cycle and the proliferative arrest because on- 
going RNA and protein synthesis are required for G l% S, and G 2 . 
Alterations in their synthesis could then block the cell cycle at 
each of these stages (24,25,26,27). 

Accordingly, we next focused on the details of the role of zinc 
in RNA metabolism of E\ gracilis as another possible basis for the 
observed chemical lesions. We first examined the RNA polymer- 
ases I and II from zinc-sufficient E. gracilis (28,29), 

The enzymes were isolated from cells harvested in the log phase 
\of growth. A cellular homogenate was precipitated with arm 
r^onium sulfate and the pellet was dissolved in 0.15 M ammonium 
sulfate buffer. At this stage, the RNA polymerases are bound to 
DmV. The DNA was precipitated with protamine sulfate, leaving 
the UNA polymerases in the supernatant. The preparation was 
then ^hromatographed on DEAE-Sephadex A-25. The enzymes, 
now fre> of DNA, were purified further by either affinity chro- 
matography on a DNA cellulose column or by chromatography 
on phosp%eliuiose. Polymerases I and II have been purified to 
homogeneity 

As shown iV table 2, both polymerases are entirelydependent on 
an exogenous DNA template for activity. The product of their 
enzymatic reaction is RNA, as evidenced by an absolute substrate 
requirement for ribonucleotide triphosphates §nd by digestion of 
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the product by ribunuelease. As with other polymerases, the E. 
gracilis enzymes are inactive in the absents of Mg* 2 or Mn +2 , 
Both these D N A -dependent RNA polymerases are homogenous on 
potyaerylamide gels, and their estimated molecular weights, de- 
termined on SDH gels, are between if 50.000 and 700,008* for heth 
polymerases. They an* composed -of multiple subunits. m 



Table 2, Properties of £. Gracilis RNA Poly- 
merases I and II 



Property 


I 


II 


Templutt* dependent'^ 


- DMA .. 


DNA 


Product 


RNA 


RNA 


Aetivaiinfi metal ii 


Mg, Mh 


Mg, Mri 


M W. iSDS PAfiK) 


650,000 


700,000 



" a- A man it in differentiates type II from type 1 RNA polymerases. 
The aetivity^uf tht* polymerase 1 is not inhibited by a-amanitin at 
- concentrations up to 200 jUg/ml In contrast, increasing concentra- 
tions of a-amanitin progressively decrease and at 0.1 £ig/ml nearly 
abolish activity of RNA polymerase II (figure 6). 

Inhibition by 1 ,1 0-Phenanthroline 

The answer to the question of metal dependence clearly has to 
be approached by undertaking studies of inhibition with metal 
binding agents which, while conserving material, give first a valu- 
able indication of the involvement of a metal in activity. 

The chelating agent, 1,10-phenanthroiine (OP) has proved 
exception ally suitable to study the inhibition of zinc metallo- 
enzymes (31). To determine its effect on E. gracilis RNA poly- 
merases I and II, the effect of OP concentration on enzyme 
activity was studied, A stock solution" of OP, 10^ 2 M, pH"7.5, was 
diluted .variously to range from 10," 2 to 10^ 7 M. The concentrations 
of template, nucleotide, and other components were standard 
in ail assays. Throughout, Mg 2+ was the only activating cation, 
The effects *of the nonchelating isomers, 1,7-, or 4,7-phenarithroline 
in the concentration range from 1 to 3 x 10^ * M was determined 
also, ' 
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Figure 6; The Kffcct of tv-Amanitin on the Activities of RNA 
Polymerases I and II 




[a-AMANITIN], //.g/ml 



Inhibition Studies With Other Chelating Compounds 

The effect of other chelating agents on activity was studied as a 
function of their concentrations. Stock solutions of ^hydroxy- 
qumoIine-5-sulfonie acid, EDTA, a-a'-bipiridyl or 8-hydrpxyquitv 
oline, all 5 X 10 =2 M, were diluted with metal-free water to, pre- 
pare dilutions ranging from 10~ 6 to 10" 2 M, adjusted .to pH 8, 
Assays were performed with 1Q Mg enzyme and under standard 

■conditions. Magnesium was the activating metal in all eases. 

Both polymerase I and II lire inhibited by saturating amounts 
6f chelating agents (table 3). 1,10-phenanthroline and EDTA in-, 
hibit both their activities completely. Other chelating agents such 
as 8-hydroxyquinoline 5-sul-fonie acid, EDTA, and Of-bipyridino, 
also at saturating concentrations, reduce the RNA polymerase II 
activity from 70 to 50 percent, At saturating amounts, the non- 
chelating analogs of 1,10-phenanthroline, l,*7- # or 4,7-phenanthro- 
line; do not inhibit either polymerase. Hence, the inhibition by 

= the 1 10- isomer must be due to chelation of a functional metal 
atom, a t 

. The, relative sensitivities of polymerase I and H to 1,10- 
phenanthroline were studied in detail 'over a range of inhibitor 
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Table ,'J. Inhibition of RNA Polymerases I 
' sfiid II by Chelating Agents 



AffHllt 



.V t /V t . < 100 
I 41 



- '*» : - - - ^ ^ 

- Chelating ■* ■ \ . » . 

✓ i.iD'Phenanthr.uIhie 0 0 

' EOT A 5 ^ . V .1) 1 

8-Hydrozyquinoline. ^ — U 

' " *^ H Hy tl ro iy-C{ ulnol i n e ' ** ' v — ' ? ^ 

- s r i-rf\il!on3tt* \ ' TO 

? 6 2.2" Bipyr'idine > 1 « " ~ 

Nom-helating Analogs " 

1 .7 -Phrnanthroline - '< 100 100 

* : 1,7 Phmanthroline. 1 * 100 100 

• 

• \ • " • ' ; 

ooiieemrations (-figure /" ). Both RNA polymerase- i and II are in- 
hibited by this agont but with different pK E \s, b,2 andj3. ^re- 
spectively, * further differentiating thorn* {28,30), t ol!eetively\ 
these results were almost diagnostic 8 of the presence and func^ 
tiunui essentiality of /.ine rather than of any ether nietal (31) al- 
though, of themselves, such studios cannot he decisive, , • 

. ^ Studies of Metal Content of 
E. Gracilis RNA Polymerases 

The presence of' stoichiometric quantitieTbf metal is, o} course, 
• 'essential to verify that chelating agents exert thoiroffcu't by bind- 
ing f u a functional and or structurally essential nietal? 

The presence of Xn, (*u t or Fe eon Id account for the observed 
inhihm'c/n of the E. gracilis USA polymerases, These elements and 
Mn were determined hy n nor o wave excitation omission spectrom- 
etry after removal* of moral-jiuonehing agents and low molecular 
weight protein contaminants by gel Vxtrlufiipn- chromatography or 
dialysis against metal- free buffers, The'olemonts and protein were 
measured quantitatively with high precision in fractions contain- 
ing maximal aetivitv / when absolute amounts of metal varied ftom 
10 11 ro 10-1.1 attorn and utilizing -0,6 #g of enzyme il> for 
analysis, a det'enrunation that would have i>oen technically inv 
•possible only years ago. * 

The K. gracilis RNA polymerase I and II contain 0.2 fjg of Zn/ 
mi; of protein. Keeping in mind the as yet provisional nature of. 
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Figure 7. The Kt'tvvi on Knzyini 1 Activity of Incubating RNA 
Polymerases I and II With 1 ,1 0-Phenanthroline 
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Both poly mrrasvs I and^f art' inhibited, by this chelating ajent, with pK, s 
of 5 J and i L respectively . 

the moleeular weights of these polymerases, which form the bask 
r if t hi* metal protein ratio, . the stoiehiometry of both Ls essentially 
the same; i.i\ t 2 si-atum of zinc per mole ( table \ ) ( 28*30). \l I ; 



Table IV Metal Content of RNA Polymerases I 
and II as Measured by Microwave Ex- 
citation Spectroscopy 





K Jf.A 


Protein 


ZN 


g-atom/mcjlo 


\ 


Poly mt'fiis* 1 


rng/ml /^u 


mn Prot 


\ 

\ 

1 


* . I 


0.1*2 




2.0 ■ 




t , fl 


0, 1 0 


0,21 


2 2 




F»\ Cu, Mn 


0.2 u •atom/molt 1 








MeTal content 




atom per 


muk of 650.000 




and 700,000 


for the R N f A pol* 




I and It, res per" 




t ively . 
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liif mini of-Cu, lo«. ,;tn.l Mn U less than 0/2 u-aiom molt*. Thus, 
both RX A polyru-raM- I and RXA poly merase 1 1 from /me- 
tiiffu'iviu E. uracils an* /mc metailuenzymes. Concurrently, in 
■ nir laboratory, tin* cukaryoiie f)X,\=dependent KXA polymerase 

! ' 1 * l - • m - ' ' '.*« c- ! -ii"\vi; .1 /in.- I'll.: vini*. I'lintainnu 2,1 

u ,th»ni nf /nit • prr molecular weight linU. i H M ) j^2>. 

Studies With Zhu-Defident (-Zn) Gracilis 

t hir demonstration thai KXA polymerase I and li from l+Zni 
t. twills \ \ ' fu »: h /.mr 'ii/.y mrs i K^liM ^us^eMed that the me- 
tabolism t»I* these ♦ Mi/ymes mmht be affected in l=Zn) fells and 
prompted us to study KXA polymerase function in these ortfu- 
niMiis. We have found that < - Zn » A\ gracilis contain a single, uii- 
usual KXA polymerase that is also a zinc metalloenxyme 
[ his difference in the content of KXA polymerase in {-'An ) cells 
confirmed that deficiency of this metal indeect^altered the me- 
taholiMn j if KXA polymerases and, further, highlighted the need 
to investigate it* KXA products. Consequently, we compared the 
amoimu of K X\\s synthesized by hoth ( ♦ Zn I and I -Zn I eells. The 
total KXA from i+Zni and i -Zu i eells was isolated by a standard 
phenol ethanol extraction. 

I'hv various KXA classes m the total RXA s were separated by 
u>ing a series of affinity columns. Cytoplasmic m KXA eon tains a 
poly -A segment, which is absent in other RNA's. Oligo-(dT)- 
cellulose columns will hind only the poly A containing mRXA 
ami. thus, afford a rapid purification method CJ4), The RXAs 
that did not hind to the Oligo- ( d Tbcellulose column were chro- 
maCot*ra|)hefl on a dihydroxyborylamino ethyl I DBAK) cellulose 
affinity column. This column binds transfer. KXA and separates it 
from the hulk of nbosomal KXA and the minor amino-aeylated 

^transfer H X A, tract ions CJ">). Hy sequential use of these columns, 
the three major classes of KXA were obtained, Kach fraction was 
hydroiy/ed in preparation for analyzing their s base composition 

4ij*iiibj hiifh pressure la pi id chromatography. 

i * Zni E. gracilis contain 20 fjp, of KX A 1*0 H cells. This value is 
virtually unaltered by zinc deficiency ( table 5h In both cases, the? 
total KXA content is consistent with values obtained for E. gracilis 

grown jo early stationary phase ( 36 h 

The total KXA is resolved into three fractions by sequential 

(chromatography on Oligo-idT) and DBAK celluloses. The mRNA 
fraction binds to Qligo^dT bcellulose, and approximately' 90 per- 

'cent or mow of the RXA does not bind. This larger RNA fraction 

. . .. / ■ ■ 
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Table 5. UNA Content* of Zine*Sufficient, (+Zn), ana -Deficient, 
(-Zn), E> Gracilis 



Usui ri^A Rihosomal > Traiwfvr "r Mvwonwt* 
■ 10" t-fll 

20 * A " 79 * 3 l. r i ' >] tj • Li 

1 9 - .I T I - I 1ft * 3 II ? 3 

* Values arv tht* moan : 1 S,D, of sis preparations 

i 

is then applied to a I3BAK cellulose column that' separates the 
tRNA from the nbosomal fraction: The amounts of ribosomal, 
transfer, and messenger RNA obtained by these methods are sim- 
ilar to those reported by others for eukaryotie organisms, includ- 
ing E. gracilis In (-Zn) cells, the fraction of the total RNA 
present as rRNA is slightly less, while that present as tRNA is 
essentially the same as Lj|^*Zn) cells (table 5). In contrast, the 
mRNA content of (-Zn) cells, 11 percent of the total RNA, is 
almost twice that of t+Z|) cells (table 5), 

The analysis of base composition ' of the various RNA frac- 
tions, determined by high pressure * liquid chromatography, is 
highly reproducible, varying by about 1 to 2 percent in multiple 
experiments (37), 

The base compositions for ribosomal, transfer, and messenger 
RNA from (+Zn) cells are in agreement with the values obtained 
for E. gracilis using other methods (36), For rRNA (table 6), the 
purine and pyrimidine contents are identical for (+Zn) and (-Zn) 
cells, For tRNA_we analyzed only for the four major bases and 
found that the guanine content decreases in (-En) cells from 34 
to 24 percent, while the cytosine content increases from 27 to 
38 percent. The adenine and uracil contents # are identical 
(table 6j, "~ 

The base composition of mRNA from (-Zn) cells differs strik- 
ingly. Figure 8 compares the chroma togram of an mRNA from 
i+'Zn) cells with that of an mRNA sample from (-Zn) cells eluted 
from the cation exchange gel of the high-pressure liquid chro- 
matogram { FT PLC). In the former, only four bases are found. They 
are identified as uracil (U), guanine (G), cytosine (C), and adenine 
(A), respectively, based on their elution volumes from the (HPLC) 
system and the UV spectra of each fraction. In contrast, the 
mRNA from (-Zn) cells (figure 8) contains seven major peaks and 
several minor ones. The uracil, quanine, cytosine, and adenine 
fractions in this chromatogram also have been identified by their 
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Table fL Itasc* Composition of A". Gracilis UNA 
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bases whiMr identities are presently unknown but which are not 
found -m mKNA from i^Zn) cells. The calculated U + C A + I' 
rat it ^ of t hi ■ rn UN A samples, 1.6 for i+7.n) and 2.9 for (-Zn) 
(•ells, differ st nk mejy . Thus, mRNA from l-Zn) contains addi- 
tional bases, and the ratio of the known major purines and pyri- 
ni id in es is nearly double, as compared to the mKNA from (+Zn) 
cells. 

Figure 8, High- Pressure Liquid Chromatographic Analysis of Base 
^ .Composition of mRNA from f+Zn) and (=Zn) £, gracilis 



i 




mRNA frum i+Zn) Me ft) and ( -Zn) (fight) cells were acid-hydrolyzed prior 
to analysis by h igh -pffH.su re liquid 'chromatography. The O +■ C/A + U ratio 
uf the mRNA's from both t+Zn) and { -Zn) cells differ* being i ? 6 and 2,9, ru- 
sp^etively In addition, a number of bases are present in the mRNA from 
{-Zn) cells which are ahsent in the control f+Zn) cells. 
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I'here are varinih NKM-tKiiii.^iiin duvuuh which zinc deficiency 
could LifiVrt KNA and DNA mrtahohsm i In particular, wo 

haw emphasized recently the essentiality of zinc for the function 
of huth DNA anil UNA polymerases. We have also noted the ini- 
puftaiu r of Mm II i |tn- Mmlhl for tin- ai : i\ n.-. ■ if these enzymes, 
Mowewr, the pontile syner^bm ami or aniatjonnin of these and 
other metals in nucleic, acid polymerase action in ueueraL and par- 
ticularly . on the base composition ( if the resultant UNA product, 
has not been examined critically. This is of interest because one 
eonseijuem-e of zinc deficiency in E. gracilis A* a onefold increase 
in intracellular Mn and a 5-fold increase in Mg content (IS, 20}. 
This, together with earlier experiments using rnicroeoeeal DNA 
polymerase i .'IS i. A\ culi KNA polymerase (39), and viral reverse 
transcriptases (40) demonstrating that the base composition of 
the nucleic acid product synthesized in vitro varied according to 
the particular activating cation employed, prompted us to examine 
the role of these metals in determining the composition of the 
products. Thus, we have determined the effects df varying Mn(ll) 
concentrations on the incorporation of bases into RNA produced 
by KNA polymerases I and 11 from (+Zni coils and the single, 
unusual KNA polymerase from I-Zn) £. gracilis. These experi- 
ments were carried out in cell-free systems, and the incorporation 
of CMP, IWJP; or AMP served as the criterion of the base com- 
position of the resultant RNA. 

The effects of various Mn concentrations on the relative in- 
corporation of IMP and CMP into RNA by the different E. gra- 
cilis RNA polymerases are shown in table 7. Increasing the Mn 
concentration from 1 to 10 mM in assays with RNA polymerase I 
or II from |+Zn> cells decreases the ratio of UMP to GMP in- 
corporated from 1.7 to 1.0 and 2,1 to 0.8, respectively. Similarly, 
in assays of the single enzyme from f =Zn) cells, this ratio decreases 
from <l.n to 0 I. Thus, the base composition of RNA synthesized 
by polymerases from either cell type varies as a function of Mn 
concentration. , 

These studies show that the total RNA content per cell is not 
altered by zinc deficiency (table B), Moreover, each of the RNA 
classes rihusomal, transfer, and messenger -is present in these 
cells. Thus, chatmes in the of each RNA class synthesized 

would not appear to be r ^ihte for the biological effects of 
zinc; deficiency in A. gracilis, A remarkable difference does exist, 
however, between tin* composition of tnRXA from (-Znj and 
l+Zro cells. The m RNA from i -Zn ) cells has an unusual base com- 
position as demonstrated h\ the twofold increase of its G + G7 
A .■*- I * base ratio and the presence of significant amounts of bases 
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other than uracil, mmnmi*. eytusme. and adenine ffimire S). Ab 
'huuah [In- M-iju^ru** im**>-> m mRNA codmu for different pro* 
teim docs", vary, <tii'h difference.^ in niRNA base composition an* 
most Mini-Hal because the ratio of t i + (' A + l" bases has been 
f«>un«.i t * > t«>- i-nibbii'iuly imi f"i ufii fur nearly all mRNAV 

Lh' 1 '■haiiii-'-. in mRNA compoMtion of the degree observed hi'- 
tween i -/n i and i -Xni < < * 1 4 - hiuc nut been repi srted previously in 
celi* deprived Hi e>seimal nutrients or as. a function of growth ur 
cell cycle sume. "I herefore, the chauue> in composition of mRNA 
from i -Zni cells reveal critical differences in their mRNA metab- 
olism. I lit 'so nuiM I**. 1 tin 1 i^onM-ijiUMUM 1 of either an alteration in 
?h" pp M.-'--sr- that .norm; 1 !!;* ivuulati- the incurpwnii ion of hit>e* 
into mRNA or t-hf accumulation of mRNA molecules coding for 
lame amounts of a specific proteintsi, We have obtained evidence. 
vag^i'Stm^ that the increases in tin* o.ntou of other nn.-t.al> Mich as 
Mn in l-Zin itII.i could play a role in the production of such 
mRNA's i fable 7 ). These results, together with the finding of a - 
■single R\A polymerase m ( -Zn > organisms, represents the first 
major metabolic difference between these and \ + Zn > organisms 
whose manifestations would provide a basis for the arrest of eel! 
division in this organ i-rn. I fins, mRNA plays a central role in the 
translation of* information from the genome into proteins, which 
in turn, determine the phenotype. The mechanism by which 
genetic information is faithfully translated into proteins is de- 
pendent on the base composition and sequence of mRNA mole- 
cules. Hiese two variables are involved in binding mRNA to riho- 
somes and determine the amino acid composition of the proteins 
synthesized. Our demonstration of the unusual composition of 
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4 in UNA from i Aim cell- -ai^i^ts i hat .. in these organisms, iranslu- 
tional process may hr tilii-fi-d. leading to On* formation of priul- 
uetn of translation with unusual amino aeui eompo^.i ioji ami or 
to ehaiifie* in th»' rate of synthesis of speeifie proteins that may In 1 
t m t Hit f'sMMilia! '";»r or ;nhii»!torv to eelluhir fimetion. Indeed, ah- 
uorniaiii!!^ of pmtein m^taoolMii in i-Zni gracilis [IS) ami 
plants s Mi haw hiM'ti doeumented, aiheit only in terms ul" total 
protein ami ehamjes in ammo aeid eonients. I he effeets of such 
alterations m pn ot* on metabolism would ho deeisive and result in 
the arrest of eell division in l-Xnl organisms heeause ongoing' 
protein synthesis is required for this process |24,=2B.27, 12), 

Similarly, it* rxh-ndod to other -a >tem>, derangements; in jhe 
metabolism of on x ems involved in the formation of tissues and 
organs eould lead to the developmental abnormalities ehar tetei • 
ihtie of ( - Zn i mammals i III), 

1 hese studies are part of an ongoing investigation aimed at 
identifying the hioehemieal basis for the role of zine in eell di- 
vision. They have Uh\ us to explore details of both DNA and UNA 
metabolism in both |*-Zn) and (-Zn) cells, whose importance re- 
mains to be further elucidated. In general, however, the present, 
systematic studies are relevant to understanding the essential role 
of zinc m cell division and development and also direct attention 
to a novel mode of regulation of the metabolism of nucleic acids 
and proteins, with profound implications for their mechanism. 
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Discussion of Papers by 
Vallee and Falchuk 



I )r H-h^rl! : Dr Vallee-. in this last year, uc ha\e had espenenee 
with six /ane-defieu'nt alcoholic cirrhotics who were aJso nighl = 
hlirul. Night blindness persisted about 1 month a ft or cessation of 
alcohol abuse. Two of these patients had abnormally low serum 
vitamin A levels, and they were treated with vitamin A and did 
not ivspond. They also had low serum /.ine levels, and the dark 
adaptation responded within a werk after replacing the /.inc. The 
other patients had normal serum vitamin A values hut abnormally 
low /.mi- levels. Within a few days of replacing zinc, in thy form of 
/.me sulphate, their dark adaptation curves eanu* back to normal. 
Ho my eomnmnt is that this may he a new thing that we ought to 
look for more often in our alcoholic subjects who are zinc de- 
ficient . My question is whether there are good, quantitative data 
in humans on how ethanol metabolism is actually affected in a 
/ane defuien t nidi vidua!'/ 

[ ) r Vallee: To the best of my knowledge, no good data exist. 
We certainly have never done this, and in fact our efforts to relate 
zinc metabolism to human disease in terms of cirrhosis date hack 
20 years, 1 "'really have not done any 1 more. But there is a point I 
am terribly interested in —your comment on night blindness. As 
a matter of fac t, if you were to go hack and look at the papers in 
the Setv England Journal of Medicine, you would find that we 
commented on this. At the time, I was particularly interested, 
but I think it is sometimes good to point out on these occasions 
that th* 1 literature does contain information not one s own, but 
other people's. There is a gentleman named Bliss who worked at 
Simmons* College m Boston, lie worked on alcohol dehydrogenase 
as a rWmal reductase in eye tissue and claimed that it was the same 
en/.ymc we saw, as.alcohol dehydrogenase. And indeed the alcohol 
^dehydrogenase spems to attack that particular alcohohtifdehyde 
pair. 

I thm talked to some people in Boston at the C'ity Hospital who 
were knowledgeable about cirrhosis and was guided to a paper by 
Tarek, I think, in HKiH, who had reviewed absolutely everything 
he had ever seen about cirrhosis -and then some, and he talked 
about night blindness. UVli. 1 knew Bliss, who has long sinre died, 
and I made a comment, in our papers simply on this matter of 
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ulanun A and muhf blmdfiew H i 1 1 1 s t » that time, I had in mv labora- 
tory mi f\[!i'ri nn vision. 1 )r Kran/ Damon, fruni Holland, and I 
asked him about this problem. He wrote a review later on it in 
limchim Rtaphya, Acta, and In- was absolutely eeriain that the en- 
/Au.e m the retina was not aicuhol dehs dr* ^enuse. He >aid it had 
an a'i'uiin! d'-hydrogcna.ie hke .uliui;. . but wa* nut the same en- 
/yi\\'- But -ance then lit 1 has written that up, \l nui^t be ahoui 2 or 
."> year* ago, in a IWA" review, I think that t he observations an* 
extremely interest nm. and I also really - tiu believe (in fart, I am 
kind of incredulous ) that this has set fur 20 years and nobody has 
ever taken a recent real look at it, I think 1 would have, probably, 
il* 1 hadn't had other things to do. 

l)r. Scheuker: It ha* been *aid and written that m people with 
alcoholism and liver disease, serum zinc level fulls, Is (hi* due to 
decreased intake, rmpaired transport ot "zinc via the gut, decreased 
-aoraye of zinc, increased urinary elimination of the cation, or 
MHUe combination of these - ? What do we know about these sort of 
thing*.? . 

Dr. Valiee; I he answer is, nothing is known. Absolutely noth- 
ing. That isn't to say that there isn't a lot written. But nothing is 
know n. I don't believe that the matter of the relationship of zinc 
metabolism to aleohol metabolism has really ever been studied 
seriously in the manner in which you've asked. It is astounding, I 
would just -amply like to add to that one item. 

There is one particular protein, metallothionine. whieh I am 
iiir* 1 you have h»arrn-( 1 of, whieh we found about 20 years ago. This 
protein has heen*-aceused of being everything, from a detoxifier to 
a storage agent; its role has never been known. The truth is, no- 
body knows if there is a storage protein for zinc, and it isn't even 
known how it is transported in serum. Nor is it known how it is 
absorbed. It is conjectured upon, but how all of that might relate 
to alcoholism, I haven't the faintest idea. 

Dr. Noble; 1 found both presentations, Drs VaJleeand Fnlchuk, 
extremely intriguing* They raised a question in rny mind about 
senile of the studies we have been doing on tin* effect of aleohol on 
brain protein and RNA metabolism. We have actually found a de- 
crease in RNA synthesis as well as in DNA synthesis, and I think 
!>r Sefienker lias been working on that area, too. We have been 
■searching for a mechanism to explain why we get these decreases 
in the brain. In a couple of the places we have looked at, one is 
the UNA f ml y merase* and the other is the tKNA synthetases, -we 
found a decrease in the activity of both those enzymes. Now, this 
raises the association ;of what role zinc plays in the findings we 
have obtained here. 
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Dr. Kuli'luik Mi.- mlenvlauou^hipfc of all i * t* these systems, 
whether it he tie- DNA polymerases ur the UNA polymerases, and 
all tin 1 way down, an* m> complex, rhere are so many factors in- 
volved. e\en just in terms of tRNA synthetase function, what it 
lit i,-** ; m-\ umi that. How tRNA hmds, i.e., ?he binding factors, the 
elongation factors, and the releasing factors, many of which art* 
v*»ry poorly characterized, pariieularly m nuimntaluiu system?*, 
and certainly in brain, 1 think it would he dangerous to make any 
conclusions based on tin- decreased activity unless you knew all 
of the factors involved. What zinc would he doing in that eoiuii- 
tion. 1 think, is totally unknown, ami I think that is something 
that really needs to he explored. 

Dr. Vullee: I think that having findings such as you do. it 
would really he worthwhile to see whether or not this is a me- 
talUu»n/.yme. It is no longer that difficult - It is now about a . 
ubviou* a (hum to look for as one used to look whether or not an 
en/yme had NAD ileperuleni'e or not. And so I think there is 
certainly a reason to look. The caveat that Dr. Falehuk brought 
up is surely correct. Those data that Dr. Falehuk showed, I think 
as far as I am concerned, axe very important. There are major 
fundamental changes in the genetic material, environmentally 
conditioned in a manner that you simply could not possibly 
guess at. Not only is the coding obviously influenced intrinsically, 
hut environmental changes occur. 

Dr. Schenker ; In connection with Dr. Noble's question, I 
wonder if 1 could ask Dr. Lie her a question. In the animal sys- 
tem that Dr. Noble and Dr. Tawari have used to show the changes 
in KNA in the brain of animals drinking alcohol for a prolonged 
period of time, I wonder, Dr. Lichen if anyone has ever -assayed 
the tissues uf tie- animals that have been on- the liquid alcohol 
diet to actually determine what the zinc concentration would be 
in various tissues uf these animals to see whether prolonged 
alcohol ingestion of the type that Dr Noble has discussed has, 
in fact, induced measurable changes in zinc level in these* tissues. 
I was unaware of any such data. 

Dr. Lieher: I don't believe there are such data, and the reason 
we have not looked at those, although we have thought about it, 
is w»> keep uyr rats in galvanized cau" < and so we felt that there 
was not much point in doing that u 1 il we shifted the way we 
keep our aiilihaN. Then we will probably do that one of these 
day- 

Dir. Hurley I have a comment*' on Dr. Lieher's answer. If 
alcohol ingestion produces a metabolic zinc deficiency, then it 
wouldn't mutter if the rats have galvanized cages or not, although 
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there should Mill In- ;in effect. It is not, perhaps, ^ strict as it 
Would be ihrntiv-r way. 

I )r Lit 'her: It is my under*! andmg t hut v\ hauler zinc de- 
Heiency has produeed i'aii h* 1 easily corrected with zinc adnun= 
i*Lration. even in [hi- prepuce of alcohol. 1 believe thai uv will 
have to m«t rul tif iHir iiahaui/.i'd IMP'* to tjei ihi- effeet of idne 
defleiency. 

1 )r. I lurley : Dr. Kalehuk, in f H * s ease of i lit ■ change in the en- 
zyme wath manganese anil maunesium, do yon think thai these 
metals are actually substituting for the zinc m t ht* enzyme and 
thereby producing a different effeet? 

Dr. Kaleh-uk; Kir.M of al!. the answer lu your question lias t wo 
parts. No one know?* to date what the role either of /am- or of 
manganese and magnesium or any of the other metals is in the 
actual function of the RNA and I ).\A polymerases, There are 
many h ypothesev that have to do with binding of template and 
binding of nucleotide, hut that isn't really known specifically. Ho 
to begin with, there is no way we can aetually answer that ques- 
tion from a functional point of view, 

I think il is elear that both enzymes, or all of the enzymes we 
isolate, contain 2 g-atoms of zinc. And you cannot dialyze that 
zinc out. either by routine dialysis or dialysis against a chelating 
agent I he effect of the addition of manganese and magnesium is 
p heno m en o logical. Now. until we know the spue i firs of what 
these metals do, there is no way that your question can he 
answered, bir I do not think at this time that they are going in 
and replacing zm<" as a metalloenzyme. 
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Aiianda S. Prasad 

Zinc Deficiency in Human Subjects 

In the full of Dr. James A. Hulsted brought tu my at 

t ion a 2 I-year-old patient at Saadi Hiwpical. Shiruz, Iran, wiiu 
looked like a 10-year-old hoy and hud severe anemia. In addition 
to dwarfism and anemia, hi* had hypogonadism, hepatospleno- 
megalv\ roii^h and dry skin, mental lethargy , and geophagia. The 
patient ate only bread made of wheat flour, and the intake of 
animal protein was negligible.* He consumed nearly 1 pound of 
clay daily, and on further investigation it was clear that the anemia 
was related to iron deficiency. There was no evidence for blood 
loss. Shortly thereafter, 10 additional cases were studied in Shiraz, 
Iran, In our initial report concerning this syndrome, it was specu- 
lated that i deficiency of zinc was probably a complicating factor 
accounting for growth retardation and hypgonadism ( 1 ). We were 
convinced that the growth and gonadal effects were not due to 
iron deficiency, because under experimental conditions iron de- 
ficiency rloes not affect growth or gonadal functions. 

Subsequently, similar cases were investigated in Cairo, KgypL 
We were able to study such patients extensively and concluded 
that, indeed, several of their clinical manifestations were related 
to a deficiency of zinc (2,3), This conclusion was based on the 
following information. The zinc, concentrations in plasma, red 
cells, and hair were decreased. Radioactive zine-65 studies revealed 
that = the plasma zinc turnover. rate was greater, the 24 h exchange- 
able pool was' smaller, and the excretion of zinc- Ho in 'stool and 
urine was less in the patients than in the/control subjects. Finally, 
a controlled trial with zinc supplementation resulted in reversal of 
the clinical features, thus supporting the hypothesis that zinc de- 
ficiency existed in human subjects. Poor availability of zinc from 
the village diet, excessive loss of zinc due to sweating, and blood 
I < j ss d u e to hook wo rm i n f e s t a l i o n sv i re considered to he the major' 
factors accounting for zinc deficiency in Egypt. 

Many etiological factors/, responsible for zinc deficiency in 
..humans have been recognised in the- past decade (4 ). Besides 
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nutritional faring, luer disease, malabsorption, certain renal dis= 
eases, burn*, acrodermatitis enteropathiea, sickle cell anemia, and 
total parenteral nutrition an 1 sumo uf tht* conditions in which zinc 
deficiency may he a complicating feature. 

Ihe I'lmu'u! manifestations uf human zinc deficiency include 
urovvih retardation, hypogonadism, rou^h * k i n , abnormal oral 
^Uii-tj.M' tiilrraiU"" ami', general Seiharuy, ant! poor .tppi'tiu*. Poor 
wound healing tn" marginally zine*deficient patient?* has been re= 
ported by several investigators. Other manifestation*, such* as 
susceptibility to infections and lymphopvnia, have been reported 
in experimental /.iiK'-detVieiu animals, Fetal abnormalities and 
behavioral '-hansies, a result of zinc deficiency durum pregnancy, 
•have also been reported in animal models. * ' 

Seven 1 Aim- defieieney may he seen in patients with acroderma- 
titis enteropathica, patients on total parenteral nutrition; and pa- 
tients on penicillamine therapy. In such caries, skin changes seem 
to predominate and consist of parakeratosis or moist eczema to id 
dermatitis, most severe in the peri -oral, -anal and -orbital areas, and 
alopecia, In acrodermatitis enteropathica, derm atological mani 
testations al^o include progressive bullous-pustular dermatitis of 
i : : » ' . '\i rem i ties and the oral, anal, and genital areas; paronychia; 
and tloperia. Diarrhea, malabsorption, steatorrhea* lactose in- 
tolerance, mental apathy, retardation of growth, and hypogon- 
adism have 5 been also" reported in acrodermatitis enteropathiea. 

Laboratory findings of human zinc deficiency incjude a de- 
creased level of zinc in plasma, red cells, hair, and urine. Zinc de- 
ficiency may be associated with hyperzincuria in liver disease,- 
sickle cell anemia, certain renal diseases, after injury and surgical 
trauma, bums, acute starvation, and as a result of total parenteral 
nutrition, * 
* Zinc-ti5 studies show an increased plasma zinc turnover rate and 
a decrease in M i-hour exchangeable pool. .Zinc balance study re- 
veals a positive retention of zinc. The activity of ri bo nuclease in 
the plasma may be increased and, following supplementation with 
zinc, the activity of alkaline phosphatase in plasma increases. 

Biochemical Effects of Zinc 

Marry enzymes need zinc for their function (5), During the past 
15 years, at least ,'JO enzymes that require zinc for their activity 
have been identified. If related enzymes from different species are" 
included, then more than 70 zinc: metalloenzymes would he on 
record. Zinc is present in* several dehydrogenases, aldolases, 
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peptidases, ami phosphatases. Alcohol dehydrogenase, earboxy* 
peptidase, carbonic anhydrase, and alkaline phosphatase are some 
examples of zinc metaJIoenzymes, 

Zinc plays a significant role in RNA and DNA synthesis and 
catabolism of RNA. RNA and DNA polymerases, and RNA- 
dependent DNA polyriierase in the reverse transcriptase of avian 
myeloblastosis and other viruses have been shown to be zinc me- 
talloenzymes. Recent studies suggest that thymidine kinase is a 
zine-dcpendent enzyme and is very sensitive to a lack of zinc (6). 
The activity of RNase is inhibited by zinc, thus the cataholic rate 
of RNA is zinc dependent, Growth retardation, so commonly the 
result of zinc deficiency, is most likely due to its effect on nucleic 
acid metabolism and decreased protein synthesis, 

Zinc content of testes and bone decrease within 3 weeks of in- 
stitution of zinc-restricted diet in rats, A decrease in the zinc con- 
tent of rat kidneys and esophagus becomes apparent at the end 
of 4 to 5 weeks of dietary zinc restriction. Carhoxypeptidase, 
thymidine kinase, and alkaline phosphatase appear to be very 
sensitive to zinc restriction, inasmuch as their activities are af- 
fected adversely within 1 week of dietary manipulation in rats. 
Recent studies indicate that there is a specific effect of zinc on 
testes and that gonadal function in the zinc-deficient state is af- 
fected through some alteration of testicular steroidogenesis and 
spermatogenesis. * 

Effect of Alcohol on Zinc Metabolism 

Metabolic studies suggest that chronic alcoholism alters myo- 
cardial metabolism, even in patients without objective signs of 
hears or liver disease (7). The liberation of the zinc-dependent en- 
zyme malic dehydrogenase (MDH), and the magnesium-dependent 
enzyme isocitric dehydrogenase (1CDH) suggests alterations of 
citric acid metabolism and altered membrane permeability as a 
e 6 n se q u en qe _p fjdh.ro n i c- ^\ cp ho 1 ism . In the cardiorriyopathic state, 
the ^cytoplasmic enzymes (including the zinc-dependent enzyme 
lactic^dehfdrogenase (LDH) and aldolase) were liberated by the 
myocardium, both at rest and after exercise, indicating a diffuse 
cellular derangement. The studies suggest that repeated ingestion 
of alcohol may result in permanent alteration in the cellular 
metabolism and, in some patients, an irreversible alcoholic, 
cardiomyopathy, 

In acute 5 studies following alcohol ingestion, zinc was liberated 
by the myocardium. Zinc was found in higher concentration in 
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the coronary vein than in arterial blood. Following alcohol inges- 
tion,, the activity of alcohol dehydrogenase (zinc metalloenzyme) 
increased in the peripheral venous blood as plasma zinc level de* 
creased. Similar observations with respect to plasma zinc and 
other .stinc metalloenzymes LDH and MDH have been made in 
myocardial infarction, 

*jn another study, normal; volunteer*, after fasting for 10 hours, 
were given 6 ounces of chilled vodka by mouth (S), More than 3 
hours after ingestion of alcohol, peripheral venous blood samples 
were obtained to determine zinc and copper levels. Urine samples 
were bbtained as follows: fasting early morning specimen before 
alcohol ingestion and complete urine collection during first 3 
hours and second 3-hour periods following alcohol ingestion. The 

. urinary data were expressed in /ig/g of Urinary creatinine, A sig^ 
ni fit-ant decrease of serum zinc was observed in patients 1 to 3 N 
hours after intake of 0 ounces of vodka, parallel to the decreased 
serum levels of zinc. There was a significant increase in the urinary 
excretion in these patients. The increased excretion of zinc may 
have been due to loss of available binding sites for zinc on the pro- 
teins, thus rendering zinc more d iff usable, increased cellular per- 
meability as a result of alcohol ingestion may also account for 
release of cellular zinc and its excretion by the kidneys; The in* , 
crease in serum levels of copper could also be related to increased j 
..cell membrane permeability and a release of copper containing/ 

- proteins into the serum. Copper is, however, bound more tightly; 
to proteins than is zinc, and may/ thus compete favorably with' 
zinc for available binding sites. Tht extent of acctylation of pro/ 
teins, amino acids, and amines duejto alcohol has not been studied 
extensively, and awaits further examination, j 
Vallee et al, (9) have shown tipat patients with alcoholic cir- 
rhosis of the liver excrete abnormally large amounts of zinc in the 
urine, even though their serum zinje levels are low. These observa- 
tions have* been confirmed by manjy other investigators. Zinc eCon- 
tent of the cirrhotic liver was alsc^ found to be decreased. These 
findings have particular significance} inasmuch as alcohol dehydro- 
genase is a zinc enzyme responsible! for the initial step in thi me* 
tahohsm of alcohol. Previous observations have indicated tnat a 
certain percentage of alcoholic subjects also excreted increased 
amounts of zinc even though clinical or laboratory evidence of 
chronic liver disease was absent (10). yhe serum zinc levels/of the 
alcoholic subjects tend to be lower in Comparison to the controls, 
An absolute increase in renal elearanc^ of zinc in 33 percent of 
the alcoholics demonstrable at both normal level and low serum 
zinc concentrations has been observed (11), Thus the measurement^ 
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of renal clearance of zinr may be clinically utilized for etiological 
classification of chronic liver disease due to alcohol in different 
cases, Excessive ingestion of alcohol may lead to severe deficiency 
of zinc. In one case, acquired zinc deficiency due to alcohol was 
characterized by mental disturbances, widespread eczema craquele, 
hair loss, steatorrhea, and dy^protencmua with edema ( 12), Ther- 
apy with zinc reversed these manifestations. A similar clinical 
syndrome has been seen among Ugandan blacks addicted to 
banana gin. 

Wang and Pierson (13) have reported that the zinc content of 
alcoholic rat liver declines promptly within 2 weeks of alcohol in- 
gestion, A more gradual decline of zinc content in muscle was 
seen in their experiments. Alcohol-treated rats have significantly 
less zine i their mitochondria as compared to the controls. Al- 
though h.er and muscle mitochondria were exposed to similar 
pla,tin;i <>hol levels, liver mitochondria were considerably more 
.affected in regard to zinc depletion as compared to the muscle. 
Absence of ahohol-metabolizing pathways in the muscle indi- 
cates that other zinc dependent enzymes are also, inhibited by 
alcohol. These observations indicate that the effects of alcohol on 
zinc depletion are not specific Tor liver, 

R ece n t studies by V unite and L i n cl e m a n ( 1 - 1 ) in d ic ate that h o t h 
ascorbic acid and zinc exert protective effects in ethanol-in toxi- 
ca ted rodents, Abdul la et al, (15) have reported that ethanoJ in- 
hibits the activity of delta aminolevulinic acid dehydratase in rats, 
and this effect of ethanol is reversed by administration of zinc 
in vitro m experimental animals. 

[n summary, t effects of zinc deficiency in humans and ex- 
perimental animals have been reviewed. The pertinent data with 
respect to the effects of alcohol on zinc metabolism have been 
discussed briefly. The ejrcumstantial evidence implicates an ad- 
verse effect of alcohol on zinc metabolism, Definitive studies 
must be carried out to fully understand the implications of these 
findings in human alcoholic subjects. 
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Discussion of Paper by Prasad 



Dr. Rudman: I have two questions, Dr. Prasad. First of all, as 
far as the endocrine characterization of the hypogonadism in the — — 
* zinc-deficient children, if this is really an end organ effect of zinc 
deficiency, then they should have high levels of LH and FSH in 
their plasma, that is, a state of hypergonadotropic hypogonadism. 
I wonder if LH and FSH have been measured, Second question is, 
dealing in the interpretation of the serum zinc level, this is an ex- 
tensively protein-bound cation, and a lot of it is bound to albumin, 
isn't that true? 

Dr. .Prasad: Quite a hit is bound to albumin, 

Dr. Rudman: So that hypoalbuminemia will lead to low zinc 
levels, I am thinking of the interpretation of the serum calcium 
level, for example, in people with hypoalbuminemia. If we plotted 
serum calcium in the patients with liver disease, we would see an 
apparent hypocalcemia because of the hypoalbuminemia; on the 
other hand, if we plotted the free or nonproteuvbound calcium, 
that value might not, be reduced, So I am just wondering how you 
take into account the hypoalbuminemia in interpreting the serum 
zinc level, 

Dr, Prasad: With respect to your first question, we do not have 
very good data on FSH and LH from the Egyptian dwarfs, I was 
there almost 14 years ago, and at that time, techniques for FSH 
and LH assays were not available. However, I think that sickle 
cell disease patients with growth retardation were also an ex= 
ample of zinc deficiency, and we have data on those patients, 
They do have high FSH and LH, With respect to the binding of 
zinc to albumin I would : say approximately 50 to 55 percent is 

" carried by alhurrrln, but the binding is not very tight. It is also car- • 
ried by ceruloplasmin, transferin, haptoglobin— almost every pro- 
tein will tie it up. And if I am not mistaken, I think somebody has 
tried to correlate the serum zinc and the albumin level in the liver 
disease patients, and they have not come to any correlation to the 
same c?xtent as you see with calcium and hypoalbuminemia, So it 

Js important, I would say that it must have some effect, because . 
so much of zinc is carried, but I do riot know to what extent it 
is important. 
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Dr. Beard: Does anyone really know the total amount of zinc 
that is bound in plasma?- 

Dr, Prasad: Yes, I think there are very good data on that, We 
reported this in an extensive study in 1070 in the Journal of Lab- 
oratory- and Clinical Medicine, There is no more than 3 to 5 per- 
cent, that in ultrafilterahle, and thin 3 to 5 percent is hound to the 
amino acids in the ultratfiltrate,, and the rest is hound to the pro- 
teins. The binding to albumin is not very tight. Binding to eeruio- 
plasmin and alpha-2 maeroglohulin is very tight. In other words, if 
you do competition experiments with histidine and some other 
binding agents, the protein hangs on to it. 

Dr. Beard: I was curious because we had been using filtration 
cones, 50 microns, and we were getting around 08 percent that - 
was bound, and I thought it was extremely high. Do you know 
whether or not alcohol per so can change the binding, acutely and 
chronically? 

Dr, Prasad: Well, 1 think this is something which really should* 
he looked at, because I think some investigators have tried to cor- 
relate the hypemncuria with amino acids in the urine, and that 
has not panned out. So it is possible that we are altering the pro- 
tein binding, site, particularly in view of the fact that the acute 
effects that I have seen in 3 hours seem to indicate that it mus| 
do something right at the level of protein binding, It would he a 
good experiment, I have not done it. 

Dr, Li: Dr, Prasad, I wonder, in the experiments where you 
show the decrease in alkaline phosphatase activity, could you re- 
store the activity by addition of zinc? 

Dr. Prasad : Not in vitro. But you do if the induction is done in 
vivo. As a matter of fact, none of the zinc enzymes that I know 
of — this is quite different from lysyl-oxiclase where you can, with 
respect to copper enzyme, but not with respect to zinc, 

Dr, Dietsehy: I am interested in the geophagia exhibited by the 
zinc-deficient human. Rats will also show this, and I was wonder- 
ing if you feel that it is an attempt at supplementation or whether 
it actually aggravates the zinc deficiency? 

Dr. Prasad: Well, my first impression was that geophagia made* 
it worse. Ill is was just because of the hulk, and we felt that they 
were eating a pound of clay a day in Iran, that must have some 
adverse effect. But I think Dr, Smith is here, maybe he can tell his 
experience in the rat. He thinks that perhaps, at least for the rate, 
when they eat clay, this has a protective effect But I know of one 
different study in human subjects, and that is from St, Louis, 
They reported on iron metabolism and showed that geophagia 
does inhibit iron absorption. 
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In 1954, -.Hypomagnesemia was described in alcohol \c su*bjeetB 
with delirium tremens ( 10).. because the symptoms of these pa- 
tients were similar to symptoms of maghesi u m -do f ieien t rats 
(14), it was Suggested that delirium tremens might be the result 
of magnesium deficiency. Those observations stimulated con- 
siderable research in the area of alcohol Urn as well as in the area 
of magnesium metabolism in general. Most of the alcohol investi- 
gations were carried out before 1969, With the onset of atomic 
absorption spectrophotometry in the mid? 1960 s, improved, pre- 
eise« and rapid methodology became available; this technology 
also contributed to increased research concerning magnesium 
metabolism in human disease. However, since 1969 there has been 
an almost, complete absence of research on the effect of ethanol 
on magnesium metabolism. Indeed, the majority of the research 
conducted concerning a magnesium metabolism has been per- 
forrned on individuals following abstinence from alcohol. Further- 
more, throughout the available literature, few studies have been 
conducted on animals. 

Because one of the major purposes of this NIAAA-sponsored 
workshop is to discuss recent gains in knowledge concerning the 
effects of ethanol on nutrient balance, I am chagrined to state 
that the current state of the art on the effect of ethanol on mag- 
nesium metabolism is the same as It, was in 19(89, 

This presentation wiir focus on the following; (!) magnesium 
metabolism following abstinence ^from alcohol, (2) effect of 
ethanol on magnesium metabolism, (3) current advances in mag- 
nesium metabolism, and. (4) recommendations for future research, 

e 

Magrnesium Metabolism 'Following 
Abstinence From Alcohol 

The majority of the research effort in examining alcoholics fol- 
lowing abstinence from alcohol is included in i.rtieles and books 
published in 19H9 and " (8,9,1 1, 17,22,23), In these studies, 
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a number of investigators reported similar findings. The studies re- 
vealed that a majority of the withdrawing alcoholic patients 
showed the following: (1) Hypomagnesemia, (2) reduced mag* 
nesium content in muscle, (3) reduced exchangeable magnesium, 
(4 ) retention of .significant amounts of intravenously administered 
magnesium, and (5) positive total magnesium balance. In general, 
evidence indicated a correlation between reduced serum magne- 
sium concentrations and the appearance of withdrawal signs and 
symptoms. The more severe withdrawal states (i.e., delirium 
tremens) were frequently associated with the greatest reduction 
in serum magnesium concentrations. However, hypomagnesemia 
frequently occurs in alcoholics in the absence of delirium tremens, 
and, indeed, normal concentrations of magnesium can hj found 
in patients with delirium tremens. Thus, the time the sample is 
obtained following cessation of drinking should be determined. 

Many alcoholics may present with normal or slightly reduced 
jtiTum magnesium levels. There can be, however, a sudden falljn 
serum magnesium concentration between 14 and 24 hours after 
the last alcoholic drink. This decrease in magnesium is correlated 
with the onset of signs and symptoms and a reduced threshold 
for photo myoclonus. If magnesium is administered, the seizure 
threshold is increased. The rapid decrease in serum magnesium is 
associated with a concomitant increase in arterial pH and re- 
duced Pco,. Both hypomagnesemia and alkalosis are known to 
be associated with hyperexei lability of the central nervous sys- 
tem. However, the precise relationship between h y pom ague- 
semi a and alkalosis needs to be elucidated. Furthermore, the 
mechanism that might cause such a sudden shift in magnesium 
level is unknown, * 

More recently, it ha.-; been reported that patients with alcohol 
withdrawal seizures hud significantly lower arterial and cerebro- 
spinal fluid (CSF> concentrations of magnesium than did con- 
trols or individuals who had delirium without antecedent alco- 
hol withdrawal seizures 1 5). However, the CSK samples were 
obtained 5 to 12 hours after the seizure; th Us, it is difficult to as- 
certain whether the reduction in CHF magnesium could have 
resulted from the .seizure, or even whether the* values wore lower 
at the time of the seizure, Rxcess susceptibility to seizures ob- 
served in magnesium-depleted rats was prevented when cerebro- 
spinal fluid magnesium concentrations were replenished, although 
increased plasma magnesium concentrations alone were inef- 
fective I H ), 

■ 3 * 
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Effect of Ethanol on M:\gnesium Metabolism 

No long-term balance study has been conducted using enough 
subjects to determine if the chronic ingestion of ethyl alcohol can 
produce a negative magnesium balance, and thus lead to magne- 
sium deficiency, -Because of frequently observed h y po m agnesem i a 
and "magnesium deficiency" in chronic alcoholics, investigators 
turned their attention to the kidney for a possible explanation 
(12; 16), It was found that ethanol given normal and alcoholic 
subjects resulted in an acute increase in magnesium excretion. The 
onset of the magnesium diuresis was very rapid and usually oc- 
curred during the first 3 hours following ethanol administration. 
The increased magnesium excretion was not accompanied by al- 
terations in renal blood flow or in glomerular filtration rate. In 
addition, the magnesium diuresis was independent of the water 
diuresis. Thus, it was suggested that increased urinary magnesium 
loss could contribute to the magnesium depletion in alcoholics. 

In a subject depleted of magnesium for 49 days, it was found 
that ethanol administered during the last 8 days did not increase 
the urinary excretion of magnesium during this time, nor was 
there any change in stool magnesium (7), This article is cited 
quite often to indicate that, on a chronic basis, alcohol may not 
contribute to increased magnesium loss. However, it is usually 
not stated that this study was conducted on only one subject. 

Several other studies have been conducted in which alcohol 
has been consumed over varying periods of time, ranging^ from 15 
to 30 days (17), However, it is difficult to analyze the data be* 
cause each subject is presented individually, and no actual data 
art* summarized. However, it is obvious from inspection that dur- 
ing the period of alcohol consumption there are only minor 
fluctuations in the serum magnesium concentration. It would 
appear that there is an enhancement of urine magnesium; however, 
this is difficult to ascertain. It is obvious, however, that urinary 
magnesium excretion falls rapidly following cessation of ethanol 
intake (17/22,23), These data are difficult to interpret because 
these* were not balance studies.' Thus the question remains as to 
whether alcohol significantly increases magnesium excretion dur- 
ing chronic intake, 

, In rats that received 38 percent of their total calories as eth- 
anol for \ weeks, it was found that there was no significant dif- 
ference in muscle magnesium as compared to that of ipair-fod 
controls (20), Because the muscle magnesium was normal, it 
was assumed that then 4 was no magnesium deficiency in these 
animals, However, this was not a balance study, and, indeed, 
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considerable magnesium deficiency can occur with normal muscle, 
concentration?? of magnesium. 

Mure recently, the acute effect of ethanol on serum magnesium 
has been determined. Following administration of ethanol to rats, 
it was found that there was a gradual increase in serum magnesium 
that reached significance following 4 hoyrs (18). This alteration 
in serum magnesium was also found in dogs (19); in this study, a 
significant increase in plasma magnesium wan found to occur for 
10 hours following the administration of ethanol (3 g/kg body 
wth In addition, the 24-hour urinary magnesium excretion level 
was determined, and it was found that during the first 6 hours 
there was a significant increase, in magnesium excretion in the 
ethanol-treated animals, Thereafter, no significant difference was 
observed; indeed; very little difference in the 24-hour urinary ex- 
cretion was found between controls and ethanol-treated animals. 
It is of mieresi/that the increase in serum magne.au m was associ- 
ated with increased Pen., and reduced pH, a finding opposite to 
that observed folio wing cessation of alcohol intake (22,23). 

We have ju>i coinpleteel a dose-response study performed over 
24 hours, Kiuht rat* were used for each dose of ethanol; the same 
animals received, at different times, the same volume of wate»as 
the ethanol solution. It was found that with the lowest dose 
(U 75 «/ ku as a 25-percent solution), there were no alterations in 
Him phisrna ni;i'intsn.im concentration. An initial increase in urine 
magnesium was found, but on a 24-hour basis, no significant dif- 
ference was observed. Initially, with the higher closes of 1,5 g/kg 
and 2 2;') u Re, we found an early increase in plasma magnesium 
concentration and greater urinary outputs of magnesium; but, 
again, the 2 1 hour urinary magnesium in the ethanol-treated 
animals was almost identical to that of the animals that received 
water. Thus. in. using different: doses of ethanol, there appears to 
he no marked difference— at least on an acute basis -in the 24- 
hnur urinary excretion of magnesium, 

From this brief review, it is clear that there is little information 
available on the effects of ethanol on magnesium metaholism, 

Current Advances in Magnesium 
' Metabolism Studies 

,. Some excellent reviews have appeared recently dealing with' the 
current status of magnesium metabolism in health and disease 
.1,2.1;"*), Based onjhese articles, it is difficult to envision that 
dietary restriction alNqe could result in magnesium deficiency — 
magnesium' is Jpund JnSjmG.st all foods. Green vegetables, meat. 
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♦and seafood an* particularly high in magnesium. The average diet 
fur individuals m the United States contain* afmnhvi-jnately ;fOO to 
350 mg uT magnesium per day, Un such a diet, approximately 30 
to 10 percent of the ingested magnesium is absorbed in the gas- 
trointestrnal tract. Fractional magnesium absorption varies with 
mtake, 1 }i us, if the intake is increased, absorption is reduced; 
when dietary magnesium is reduced, absorption is increased. Once 
magnesium is absorbed, it is primarily handled by the kidney. 
Thus; the status of body magnesium balance is largely regulated by 
the renal excretion of this cation. 

The body of an average adult huntan contains approximately 
2,000 mKq of magnesium, Over 60 percent of the total body 
magnesium is found in bone. Thirty percent of the bone magne- 
sium is freely exchangeable. Muscle magnesium represents ap- 
proximately 20 percent of the body's stores, and it appears that 
approximately 20 to 30 percent of muscle magnesium is in an 
exchangeable pool. Thus, less than 20 percent of the body mag- 
nesium is found extraeeliulariy % In plasma, only 20 pereent of the 
magnesium is protein bound; thus, 80 percent of the plasma mag: 
nesium is freely filterable at tne glomerulus. 

Muscle magnesium is found to he decreased during magnesium 
depletion in some, although not all, animal studies, and this find- 
ing has prompted many investigators to use muscle magnesium 
concentration as ;tn index of total body magnesium stores; Re- 
cently, it has been demonstrated that there is a direct correlation 
between muscle magnesium and muscle potassium concentration 
(2), When muscle magnesium has been found to be reduced, 
muscle potassium has also been reduced. Furthermore, during po- 
tassium depletion (without an alteration of magnesium balance), 
the concentration of both of these cations is- reduced in muscle. 
Muscle magnesium may he low and associated with low, normal, 
or increased total body-magnesium, further invalidating \ hc use of * 
muscle magnesium as an index of total body magnesium, 

An excellent correlation between total hotly magnesium and 
borte magnesium concentration has been found. The fact that 
serum magnesium was found to correlate closely with bone mag- 
nesium stores during both hyper- and hypomagnesemia suggests 
that, for clirucal purposes, serum magnesium is a reliable indicator 
of total body magnesium, Thus, it appears that bone and extra- 
cellular magnesium are magnesium pools available to replenish soft 
tissue magnesium deficits during magnesium depletion. 

Recent advances m the renal handling' of magnesium have been 
made (15). Over 180 mKq of magnesium is filtered at the glo- 
merulus every 21 hours, but only ,') to 5 percent of the filtered 
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magnesium is r\i re Mil in the urine. Thus, there appears to he an 
effective pruclw of tuhulur ruahsorpUun of magnesium. Magne- 
sium reabssorption by the kidney in largely eun trolled by a T m 
t melting time) mechanism. The T m for magnesium reabsorption 
1S set very dose tu the filtered load of magnesium present at nor- 
mal plasma rone* Titrations of magnesium. Thus, increased magne- 
sium ean he observed by increasing, the filtered Load of magnesium. 
This could occur by either an increased glomerular filtration rate 
IGFK) or increased plasma concentration of magnesium, or both, 
Thus, hypermagnesemia is usually associated with magnesutia. 

A variety of factors reduce the tubular reabsorption of magne- 
sium. These factors include the following: extracellular fluid 
volume expansion, renal vasodilation, osmotic diuresis, diuretic 
agents, cardiac glycosides, hypercalcemia, and high sodium intake, 
The reduced magnesium reabsorption following extracellular fluid 
volume expansion is of particular interest in relation to alcoholism, 

Results from our laboratory have demonstrated that dogs re* 
eeiving chronically administered ethanol, as* well as well-nourished 
alcoholic patients, showed an increase in the extracellular fluid 
volume (ECV) {3,4,13), Magnesuria of ECV can occur despite a 
significant reduction in the filtered load, The expansion of the 
extracellular fluid volume was primarily isosmotic with normal 
sodium concentrations and was therefore similar to the expansion 
observed following ECV by the infusion of saline, ' 

Summary; Recommendations for Future Research 

We know very little about the effects of ethanol on magnesium 
metabolism, 

First, we should determine if ethanol can produce magnesium 
\ deficiency based on a negative magnesium balance, These studies 
'should be conducted with both normal and restricted diets, If a 
'negative balance for magnesium is found, is it the result of dietary 
deficiency, reduced absorption in the gut, increased urinary exert* 
tlon, or a combination of any of these? 

Second, what is the mechanism of the, acute increase in serum 
magnesium and increased urinary excretion following the ingestion 
of ethanol? Possibly more important, what are the mechanisms 
involved in the sudden reduction in plasma magnesium following 
abstinence from alcohol? Studies should be designed to investigate 
the possible mechanisms. Are these rapid changes caused by shifts 
in t^ie distribution of magnesium? I 
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Third, the lark of nmi»aruh in other areas of magnesium metab- 
olism should he recognized. This cation is essential for activating 
a variety of enzyme systems involved in cellular metabolism (21); 
what would be the effect of given deficits or shifts in the distribu- 
tion of magnesium if foimd, for example, on oxidative phosphory- 
lation of mitochondria? Thjus-, a variety of biochemical experi- 
ments should, be conducted ^conjunction with cthanol. 

Improved techniques are available, so it is hoped that with prop- 
erly controlled studies, new information will be forthcoming to 
explain the effects of ethanol on magnesium metabolism. 
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..: Pathogenesis and Effect of 
Phosphate Depletion in the Alcoholic 

James P. Knochel * 
Abstract 

6 'Phosphoruses critically important t r i evftry known pathway of 
energy metabolism. Its cum pounds are found in everj cell and 
"supporting structure of thu ' body*. Although the biochemical, 
physical, and physiological roles of phosphor,us have been studied 
oxttMisivelv , the patPiophv sibfogy of phosphorus deficiency ha* 
not, * * 

We have observed that chronic alcoholics may be seriously de- * 
ficient in phosphorus. The mechanism of the deficiency i§i un- 
known? Evidence is reviewed that either phosphorus deficiency* 
or hypophosphatemia, or peril aps- both, may be implicated in a 
* fc variety of serions disorders that commonly complicate chronic 
alcoholism, 

Hy pophosphatemia commonly occurs in patients with seven? 
chronic alcoholism. The type of alcoholic: patient most likely to 
became hypophosphatemia is one who drinks heavily and eats 
poorly i Such hypophosphatemia 1, may not occur until ^a patient is 
admitted to a hospital for eonTpiieations* of, 'alcoholism. A normal* 
serum phosphorus concentration at the time of admission may be 
■rapidly replaced by profound hypophosphatemia within 1 to 4 
days, in association with administration of nutrients lacking ade- 
quate phosphorus supplementation. To detect this abnormality, 
it is'ryw^ssary to measure serum phosphorus concentration at the 
time of admission and at least daily for the first 5 clays of hos- 
pitalixation, " 

In contrast, some patients demonstrate hypophosphatemia of 
modest jleyree at the tjme of admission to a hospital. Such pa- 
tients are usually in active alcohol withdrawal, and it is likely in 
these cases that the hypophosphatemia is the result of respiratory 
alkalosis Si'ven* phosphorus deficiency, indicated by a marked 
depression of total muscle phosphorus content, may exist in the 
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• ; u >- -i( ,i ni ir ns. i : s»-nmi i tlii i .plh >r\is . i Mii t'iiiral ion if aoMw necrosis 

:f .'in^-sf y Pfe^u? ::i ?>! \'. e T rerolu" r 1 -• - u » * ivlt^iM - its pho**- 

m». ip.;.* i >au*-ut into the circulate- i l.'J.-Ii 



Kvidcncc fur Phosphorus DeticitMicy 
in the Chronic Alcoholic 

l !vpi iphi » ^haleinia * m m u r> in approximately one-half a!" pa* 
r i#* j i? hospital; /.I'd fur treatment of m , vi , * , »' alcoholism. \\v oh- 
^i-ni'ii tilt* ;i> MTutti piuea ihi jfus fell to low values (loss than , 
.iUil .e i remained ill that lr\i-! for 1 of 2 days, a sharp rise of 
iPMtiiw* ph< »*pin »k:nav aetfut.y i(TK) in mtuhi commonly oc- 
iurr»'tl ili Hti uNf of ih-'M' find in u*, wr- measured phosphorus 
I'nntt-ni. electrolyte content, .mil . in >oiih' patients, tran&mem- 
• f U M' ! * s' iMiti-nMa! nuKi !i i i t'll-. the latter is a sensitive 

if ?* Ii*x of .■•'liuiar p* rn u-uiuh t y to ■ monovalent ions and or sodium 
transport Altogether, studios have been conducted on 21 such 
patients. I h-'i r vfiini rPK activity wu? elevated, ranging between 
lino mil ^2.ooo Ino-ruationul units, ml. The value fcjr total muscle 
-phi i^jiMuHh . <»ra«*r.r in noimal control* is 2\) mmols 100 ^ fat- 
fri-" drv M>l:d- i I' K I ) S » . I lv auTap' value in the patients with 
* hrotnc airohoh.Mn we uci i* ■< I 20 mniols du FKDH. The lowest 
w;h Ii mmoU du FKDS. winch indicates a severe phosphorus 
*i*-f\t a In norm*, 'ii!' ma*>' of >ke!rtal muscle in a 70 kg man 
iftfM^'t * ! h^^ lht« fatd'rer dry >ohd fraction of skeletal muscle 
i> about 2o w ; it-n * * r 1 1 lira*. <n iiunii^ mu>r!i- content of phos- 
rihor-t- ai"«ii! . i T mmoN. If we allow for a -dinn kaue of 
^e.iM-le c i ■ - » 2o in a < nron:<- ai'ohohc, normal total muscle 
pliO^j ifioru - i o;it*-h: »u!d h»« 1,150 mmnk The avernire total 
rrc •» phospnoru- '■o"*eut :n « h r« m;c alrohohes with elevated 
t PK ..!• 1 : , * % *if Jo mmoN I 0 o ■ < KK])H ^jv'jt^trd that their U.« al 
riv.,, :. phii-phoni- • » in^n* \«. !,oo() m;:, »!-, Iherefore. tlu'tr 
pii'i'inff.'; in** d'-nc;? Aa* a;ipro\. rnately lAu mmols. This figure, 
nh'uiir*! 5 , do»-i mm' ; = n iud' 1 po-sioi*' defh ;i m other fMMies. 

; Mechanisms of Phosphorus Deficiency 
in t'hronu' Alcoholism 

K i< ; »r- Mi e eiM*ld i'a<h(' phosphorus i. 'fieieney m alcoholism 
Atf >h«eAri jn *ahi«- L Many chronic alcoholics develop capricious 
apprtius. ther«-fon- an mad* fpiafe dp-tary intake r>f phfrsphorus 
mu^t f>lay a* I» i « t a partial ro|i« in Mipiif 1 peoole. tn normal eontroln, 
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I able 1 . Possible Kui'tors Responsible for 
Phosphorus Deficiency in the 
Alcoholic 

I Iti.tfit'qiM!! 1 I)ii*!,irv Intnkr 5 

_ Vomit i!iL( niti Duu'rhrh 

J M.iLijii'.Hi u ni Dt'i irii'iH' y 

I LJfr.mklt'tl Vit.imm 1) Mi'tiibnlism ; 

^ dleitomn i 

n Ai.'kii >Hi^ 



dietary phosphorus deficiency is except ion ally ran. 1 because all 
natural food- have a high phosphorus content, However, a dirt 
larking phu^phi «ru>, especially in. eonjunct ion with phosphaie- 
binding antacids, ran, m rim* 1 , lead to serious phosphorus 
deficiency . 

Many ehronie alcoholii s have episodic vomiting and diarrhea, 
I loucvi.T, t h phosphorus I'ontrnt of gastric contents is low, and 
even voluminous diarrhea is not responsible for significant phos- 
phorus losses m stools i 5). Vomiting and diarrhea per se probably 
do not account to r major losses of phosphorus. 

Kxperimental magnesium deficiency in humans itf) induces a 
Htate of functional hy poparut hyroidism. In association with this 
e< eid it ion, sj-runi phosphorus tends to heroine slightly elevated, 
and phospharuna ihvuis. I'hosphaturia could result from a slightly 
increased filtered load of phosphorus. Alcoholics often become 
hypomaune.Manir and magnesium deficient, so such factors could 
play a role m phosphorus defieieney. 

In unreport I'd studies by Matter and his coworkers on human 
volunteers who ingested large amounts of bourbon whiskey daily 
for many weeks, phosphatnria appeared, but not until serum 
magnesium concentration fell to abnormally low levels (7 ). In 
our most reeem studies of skeletal muscle composition in pa* 
ner.'s -viMi ah'ohohe myopathy, we found that magnesium con- 
tent, normally S mmols P)0 g fat -free dry so Hols, was significantly 
lower than normal i p 0.0 1 }, averaging 5,7 mmols in the alco- 
holics I \ e Thus, we i lo have evidence that, in these patients, mag- 
nesium deficiency coexists with phosphate deficiency , 

It was recently reported that plasma levels of 25-hydroxy- 
viiamm I) j are abnormally low in chronic alcoholics without liver 
disease fS). It seems possible t fiat this state could account fordo* 
creased formation of 1 ,25-hydroxy-vitamm which could in 
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i\\rr !■■! i'»m-»- ■ .m :imi i-'i..»rpfiun from t li * ■ -mall intestine, «*auso 
i: v: :i ■■ Ji- "iM'.a. t;r ! ' • ! id I « > "\ ■ -n •!'• *i he! :« mi m1" paralie inuoiir. Such 
.1 :! , 1 i-i , iKii , .>m I'.uiM occur i n > 1* ■ p* s r i« i * ! n 1 1 > i >f mayucMum i It 1 f u- h *iii*y 
and ilii.li n«uki J- v* •;.:)! for pho*phatuna, When the st \ % -ri • alco- 
• i > ! . ; • -. a » ■ -r mi i :>•- ! v\ !■:'»■ admiUed to ill*' hospital. I i l • ■ t"* 1 was often 
. 1 1 > ; i ! ■ i i .. i ; ! * : »i'u ini i rn > m i i i « ■ urine before t i i « ? \ de\eloped mWciv 
h\ ; »;>uw-*f aial»ae, la. Sni Hi' of ! h < ve [»al ienL> < ■ X * I 1 * 1 1 1 • 1 1 I Ml ^ i it pho>- 
unuru> \i\ rh.'ir nr.it li 1 hour untie < i * p i t * * a poor preceding dietary 
intake and * leipite respiratory alkaloid, Moth of tilt' latter ni- 
r hi$-i'M es would ordinarily cause hypopho.sphatuna. However, the 
pho-phaluna disappeared rapidly with the advent of hypophus* 
phaOMnia = Whether Mir pie .phatuna at the tinn* of admission was 
tvlaled u> o\ »*rproductton ot parathormone was nut studied, 

Ki-eeni studies have -how n that ethanol i ^ a potent factor in 
Mimuiafma n\lea>e of calcitonin < ^ ). Normally, calcitonin induces 
a tliiih' ► 1 1 *i !;!!!' of m rum calcium concentration. It has been re- 
f«ofO'd iha» d^cHMM^ intestinal absorption of phosphorus 
('alrUonui may aUo induce phosphaturia and maunesuria (III. 
Whf'h*'! 1 ^eh ♦•I'P'i-ti play a n >le in phosphorus deficiency in ah 
cniiohci ha^ not hern examined, 

A-'ido-i- h-ad- to d"i ■< imposit i* m of intracellular oruanie phos- 
phate c< hi: pi in mU. I he pho^phoru.i *»o liberated readily diffuses 
into i he i»-rum and is excreted into the urine. The mechanism is 
of ur -at unp< jrtanee m r he phec*phorus deficiency seen in patients 
with diaoeM' 1 k^'fojicidosi-i. N :< oholics often develop ketoacidosis 
u h 1 1 - • fa. -a :>)ii durum iianji w ♦ •:"->. They may also undergo transient 
piTiodi of ('()., r»'Oao am and respiratory acidosis as li result of 
;u a n * ! -. t - \ ah'r >iiol;t- intoxication, it ^eenis conceivable that 
eilh-t'i* rn «■«}] an ; : '"ould cau^e intiaanit tent phejsphorus wasting. 

Mechanisms of Acute Hypophosphatemia 

. \ , oointeil 1 1 1 1 f ♦ ariiia". Home severe alcoholics have abundant 
moruanic pliosniiate m the' ui-ine at th»* timt* of admission to the 
iioipii.ii. \ anally in;.i eijiuiiuon dt^appcar^ rapid iy, ^o iliai by the 
■ secfjinj . r ' ■ : a'd hospital day, the urine' heeoniPS virtually free of 
phosphoric- h vpophosf »hat ian la appears. The possible mecha= 
niiins of acute hypophoiphalemia are shown in table 2. It must be 
assumed that -serum }>hosph(jru>i is beiny ineorporateo! into eells, 
Ir could 'iccur fiy an anabolic stimulus provifled by administration 
of mui re ails or as r«^uh of acute hyperventilation with respiratory 
alkalosis. H^'au-e of fie- rapid d iffusibihty of (*n 2 , acute hyper- 
ventilation is associated with a sharp rise in intracellular plb This 
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I aM«* J, I'usMhlf Mi-riiuiiisms uf Aihui* Hy- 
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v\"Uld hli^atr f Ml u-, f m i ' fl'lM ' ! i > K i!l a>e , t ll' Ti-! IfnTt'iMll^ 

J'' fl -t f 1 1 r- ■■ - f ph» i"ph» »»" ; * !c> Innn opjjmir pho*phati'S in the 
• ■fii.- :> ''vrupla.^niii' morgan m* ; »hos; ihalc ( 'ytoplaMnie iMuruaiiic 
: 'M'h.iFf > in i i 1 1 f u ^i t * r i im juihlvnurn wuh M-runi phosphorus. 
I «f!- r i; ad p(i> ^phurvhit am d.unnu an anabuiir M at r induced 

hv idmini ^ raf m ti|" maa.rirri!> < > r incident to rrMaraf < >r\ alkalosis 
f<i\}\t\ u Mi!): h?r the srvrrr hypophosphatemia seen in patients 
durum ' p-,i' iiir: ■ f< ir <h n MiH' alcoholism. 

Admic . -a ra' a m of fructose, siill recommended by some physi- 
nan** ■■ iniu I't p:i'!"iiN wph acute alcoholic withdrawal, may also 
lead to acao- h yp« >| aiosj ihar i i m ia. I fir hypophosphatemia associ- 
ated with fructose ran he more severe than that associated with 
a< I m in rat a ,«i nf rhari jm' i hr mechanism of this response in re- 
•a'-'i r M -hr nnrrusiafw i uptake of fructose hy livrr v|N I 12). 
Specific kiiLNs m ! hr hvcr catalyse phosphor*'!;'? '-.a of ylucose 
! \iUit-t i k mase i r i i ajuru-V irpiiM *phate and fructose I frur| :okmase ) 
'»» f r.it ft i*r- 1 -pha »-»ph;if f.» : inrrra^mu cnniTnt rat ions of ulucosedv 
phnNfihali' minim ihr artivity of ulucokinase, thereby retfululmtf 
the uptak** of 1 m a fi yiurfHr and phosphorus* In runt rast, inereas- 
mu •■• Min-nf rat imu f)f fne 't ose- 1 = ph< >sphnte do not inhibit frue- 
■ ukau-r Ihus, I'rnrtov phosphorylation is unregulated and. an 
a r^-ajlr. hvf mphi e^phaPaiua i> more f >panoura ed alt rr adniuiis- 
0"a ? < ai of frurffj^r than ^lurnsi*. 

An additional f^rol)lrr rolalpfl to in! rarrllulur phosphorus 
' ra[»pau: iMt'diat»*d o\ friu'ti ^r that it may ht* a^suriatt'd with 
ar nh' hi'pat orj'Uular dainaLM' till). 'I'hus, whnn inoruanu." nfios- 
ph'iru-i rnnrrnrrahon :nadr thr cytfipla.Mn of hvrr c-flls falls suf- 
fit irntly. fhrrr is an activation of AMP-(li»aminast» (12), Adenylic 
compouivU within rhr rrl) arr irrfvnrsil>Iy rI(H-oniposrd and 
nv»nojfi!!y N-ad o, a dnHm, nf cfllular ATI 1 rontrnt ( 1 3 p Thr 
adenylic compound^ arr convartcfl to inosinc*. Inosinc impairs 
UlycfijysH hy inhihitmu nldolasc Inhihitinn of ^lyta>Iya - 

rnrnmunly results in arup' hu'tir acidosis. When the cellular 
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-■..h'.-j.f ,,!' \| r ! ii! ! !i i ■ r.? lea! !*-\el, certain en/.ymc- an* re* 
»n: '.h-' r> ■!"!< -cc: ; _ m m i ' .« i ■ i ■ 1 1 1 1 ! : i r Hi jury i 1 1 I. Kor *Uch 

p ast >n - . fructose should inu he administered mtraveuoudy to any 
patient, espi-eiaih one already likely to have Livor damaue caused 
hy aie< >h«>!;Mn i 1 ■") ) 

I hf final mi'i\h,m:Mii that euuld be implicated in the pat ho- 
iif lu'l n* h> pupii* •-phatcima in i In - withdrawing alcoholic 
is overproduc inn of tubulin It has been known fur many years 
that patients with liver disease may iii»vflup a greater depression 
of MTU m phu.-phoru* concentration a fter administration of glucose 
than do normal persons UBh Kecent studies ( 17 ) have show-n that 
i xpennu ntal ( ihosphoru* deficient y exaggerates insulin relt ise in 
response to hvperulycemia. ITm characteristic has not been ex- 
amined in the withdrawing alcoholic, hut u certainly seems 
worthy of itudy. 

Consequences of Phosphorus Deficiency , 

There are three proved, ^ross structural effects of phosphorus de- 
ficiency las opposed to hy pophosphatemia )— Osteomalacia, a proxi- 
mal myopathy, and growth retardation. Undoubtedly, other eorfse- 
quences will become apparent with further study. 

Pure phosphorus 'deficiency induced hy dietary deprivation and 
hy administration of phosphate-binding antacids is associated with 
muscular weakness, paresthesias, bone pain, a decline of serum 
phosphorus concentration, and .increased calcium excretion into 
the urine i'I.SL Recent studies ( 18,11)) have shown- that in males 
with experimental phosphorus deficiency, the increased calcium 
excretion into the urirv is matched hy increased calcium absorp- 
tion by the mit. Therefor*', no net change o\f calcium balance 
occurs. However, this is not the case m femalys; phosphorus- 
deficient women tend ! o excrete more calcium into^he urine thrtn 
they absorb from the mil. 

The response to hypophosphatemia is mobilization of phos- 
phorus from trie skeleton in an apparent attempt to correct hy- 
pophosphatemia and the associated decline of cytoplasmic phos- 
phorus ( 1 -S c A< bone is mobilised, calcium is also liberated, thus 
producing hypereaJcinuri;: In adult humans and dogs, serum 
calcium almost always remains normal. However m ruts, puppies, 
and possibly In ehil(toe_ru pure phosphorus deficiency may cause 
hypercalcemia* l2l»= Mobilization of hone apparently occurs by 
rhe action of 1,25-fOII h^vitarnin Dj and requires the presence 
of parathyroid hormone. ^Synthesis of *l t 25«{OH) 2 -vitamin D3 
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m-tmiiJa :ii-T".i in f>h<iMi(i.irii^ i IffifH-tn-y i22> Ihe recent re- 
no.-! f M.it 'J.Vl M! mi ir.i't: M , mav !m U ;:i plasma IM does not .if 
;t^-if :mnly dcp-enw- ^y;itm-^ of l.^VM )|| ij-viuium I ) *. How- 
'' V -- T - innhiu does i.ndicaie that this potentially important 

pronli-m iii di.-ord'-ivd Vitamin |l meuhoiiMn in alct >hohc^ should 
' '■ I .,■! nil m- dci.i.i 

! " M't'i:'^ ;.k«-:> ?n;i: man;* pa; i.nt^ u .i h ihrnnif air. >huli«m 
l *ould iii'\»'!ini i»>ri'nni;ila«'ia if their pfhHphoru< deficiency uviv 
^utheienily prolonged or severe. 1 he ^eraim eN<ct mivte profile dis- 
played hy m'v<t*' alcoholics liUL^'^t.i this occurrence. These pa- 
ne nr*. di.ipla\ h> pui-alivmia out of proportion to depression of 
rh»*.f M'rum albumin concent ra? inn, hy pof »ho*phalemin, and hv- 
pomann-^emia. ! !:*•-»• fmdmu- an- cla»ical for run it- steatorrhea, 
which may hi- complicated by osteomalacia. However, these find- 
ing occur independently ui\^u-e.oi:rhea in the ^fleohohe. If oste- 
omalacia ■ fi-iir*. in ? h.<-c paia-nt*, it must lie subclinical U'caiiKe 
n [■, rari'ly r.vo^ni/ed. Conversely, it ^i^ms - possible that overt 
o^h'omalai ;a -eldom ident ified m the alcoholic despite phos* 
phoru- deficiency h»- ( ju m « the associated h yponuuniesemia and 
maunt'siinn i lepletion may ff in* mi t ly depress parathormone, 
release so that i Tftt o o i ? dun.' s- nut mobilized to result m osteo- 
malacia. I'iifc irtunaifly. this area ha> not been examined in pa- 
tip'fir^ with chronic aicoholi m. 

In nonalcoholic*, phosphorus deficiency per se leads to a 
proximal myopathy iXl). Such a myopathy stands in sharp con- 
tract to rhahdomyolysis-, which appears with actite severe hypo* 
phosphal f!iii;i, In. chronic phosphorus deficiency, patients eonv 
[Ham of profound proxim-al muscular, weakness and therefore 
often have difficulty walkmec Osteomalacia is usually prese and 
may be associated with frank bone pain and a tendency to a aid 
fractures. In such pari* nts. freatme phosphokinase and aldolase 
activity are most often within normal limit*, I lowever* patients 
display elevation-, of* alkaline phosphatase activity, which re 
f!t''' r t heir osteomalacia. 

In contrast to rhaUdorayoly.Ms with acute severe hypophospha- 
temia, hypophosphatemia sn patients with chrome phosphate de- "' 
fjcietiey is usually modest, and ranges between 1.5 and 2.5_m^/dL, 
Whether fho proximal myopathy of chronic phosphorus deficiency 
is rHiiird to chnmic myopathy with proximal wasting in alcoholics 
is unc lear: K enf. evirlenee chests that 25*OH-vitnmin D 3 may 
be important, in skeletal muscle protein synthesis r 24 ) and ion 
flw*es in sarcoplasmic reticulum j 25 \. Consequently, it is probably 
important "in muscle contraction, Whether the allegedly low 25- 
OH-vitamin D> levels in chronic alcoholics bear a relationship to 
their weakness and proximal myopathy is unknown. * 
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in t vmu:u 0*T- ' if :n » ur^mu animal, iff ■ =% lb retardation 
incur- hiM'atlM' pi *pm>ru> all ---M-iUlui *-f.iimu...-ill 'if ill! prutiK 
oia^m. hi r-xpri-.! ma! animaU, growth \* rap y reMi .edby pro- 
MiliMii .iilfijua!*' .minimi* of phi i-.ph*iru* in til** diet. i 

Man% faucl ;u:i.ii di-turbancc-* I kiv i ■ b*-i*e. a»oi laled with phn-- 
;»hufu^ ili-f:i-n-n«-> In mir --.ad:*- uf phosphorus deficit nt don*, we 
Obserwd that muscle nuimii'Miiin ronh'n! fell slightly, hut *iu- 
nUVantry, Others Hush* observed mappr- ipnaLe losses of magne- 
sium into the urine in experimental phosphorus deficiency i20j. 
U e also observed that skeletal muscle potassium content foil mod- 
erately in duLi/- una t>\ penmen tal p H * >sphorus deficiency (27l 

It ha* also i"'«'n wHl documented that experimental phosphorus 
drficienev may m r reabsorption of bicarbonate (2«S) and ^lu- 
rtiv t 2 u i m the pr- .mial tubule of the kidney. Thus, phosphorus'' 
dt-tuMMirs .-.in i-s*abhsh a situation^ similar to the Faneoni syn- 
drome. Ir j*. notable that, in many of the clinical reports of so- 
malic cell d > .function resuitinu from phosphorus deficiency (30, 
;U,^2i, renal uiycosuria, renal aminoaciduria, and renal tubular 
.acidosis have often coexisted. Such findings may aUo occur in 
eh ns* "ill ru'k»'ts. wh u h in many instances disappear rapidly follow- 
ing administration of vitamin I), There have been occasional re= 
pott* of severe, ^enerali/.ed proximal tubular dysfunction in pa- 
tients with mt-oii, alcoholic intoxication. Whether or not these 
dy^t'iim-nons re related to phosphorus deficiency or simul- 
. taneoiift ueje-nun of a nephrotoxin has not been clear *2). 

Sfvvn- experimental phosphorus deficiency may diminish the 
reub^orptive capacity for bicarbonate in the proximal nephron 
1 2*1. Phosphorus deficiently also diminishes renal ammonia pro- 
duction i20> and apparently eauses intracellular alkalosis (28). AI- 
rhouuh one would anticipate that a proximal bicarbonate leak, 
diminished ammonia product ion, and the virtual elimination of 
buffer phosphate from the urine would all result in severe meta- 
bolic acidosis, such is not the ease. Studies by Kmmett and his 
associate* (20) on phosphorus-deficient rats showed that sufficient 
bicarbonate u moblh/.ed from hone, pari paxitu with mobilization 
of calcium and phosphorus to forestall metabolic acidosis, Kx- 
permifidally, if eolehieine is mven as a pharmacologic tool to 
block mohtli/ation of bone l)iearbonate i metabolic acidosis 
promptly follows, * Hypercalelnuria also occurs in humans with 
eHf»ermv»ntal phosphorus deficiency < 18.19), it would seem 
(juite hkfly r hat. ihe fon^oin^ mech,. mm must prevail. 

Finally, depp-ssed L'luco-e utilization " occurs with experi- 
mental phosphorus deficiency (33 1. ft is notable that many years 
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a£u KruMilaiuliT .mil .uiJiurwii's I'll) showed thai untreated dia= 
betas ..'iiuUi us** aluruM- n i * j r * • ■ ■ftVirntly if it wen- ^ivi'ii in con- 
junction with moruume phosphate. Mils effect oeeu rred without 
insulin therapy. Whether or not phosphorus deficiency plays a 
r* > I* * ;n the Ljlueuse intolerance often observed in nation ts with al- 
i'mmijIi^mi anil 1 1 v t ■ r d. Hi-iLst» lias not been examined. 



Consequences of Acute Severe Hypophosphatemia 

I hf* etteets of acute severe hypophosphatemia, in many in- 
stances, arc quit** dd'b'rent from those of simple chronic phos- 
phorus deficiency. Out 'uncling effects include impairment of red 
cell function, acute hemolysis, rhabdomyoiysis, impaired leuko- 
cyte function, and profound disorders of the central and periph- 
eral nmi) ^ systems (table 3 ). Many of these disorders appear to 
be related u> failure to deliver adequate oxygen because of the dis- 
ordered red cell metabolism induced by phosphorus deficiency. 
Additional possible consef juenees of acute hypophosphatemia are 
shown in table 1. 

Two serif » us effects of acute hypophosphatemia on red cells 
have been well characterized (35, 36, 37); One is anatomic, 
characterized by a sequence of increased red ceil rigidity, decreased 
red I'eU. vui .nie, and, finally, hemolysis. In most instances, hemol- 

Table 3, Definite Consequences of Acute 
Hypophosphatemia 



1 Impairment of Reel Cell Function 

j Hemolysis • 

3 Disordered Leukocyte Function 

\ , Rh jbciomyoiyHJ?? 

n Nervous .System Dysfunction 



Table i, Possible Consequences of Acute 
Hypophosphatemia 

I. Myocardial Insufficiency 

J, Pl;it«-li»t Dysfunction 

3 Hepatocellular D y h fu n c t i o n 



ysis m association with hypophosphatemia has occurred when 
phosphorus deficiency is profound and when complicated by 
metabolic acidosis. The clinical situations in which hemolysis has 
incurred have hwn with chronic alcoholics during withdrawal and 
patients with uremia who have been overt rented with phosphate* 
binding antacids, it has heen sho vn that when reel cell ATP content 
falls to a value of 15 percent or less of normal, acute hemolysis is 
likely to occur. This finding explains why hemolysis is generally 
seen only in the presence of acidosis: the latter depresses red cell 
glycolysis sufficiently to prevent ATP 'formation, 

Functional disturbances of the red cell, induced by phosphorus 
deficiency, are much more common. In the presence of hypophos- 
phatemia, 2.."S-diphosphouIycerute (2.3-DPG) synthesis falls to low 
levels: the affinity of hemoglobin for oxygen increases markedly 
so that the oxyhemoglobin dissociation curve shifts to the left 
(,T7j Thus, a low 2;i4)Kl impairs capacity to deliver oxygen to 
peripheral tissues. If this condition occurs in association with 
acidosis, the <)., -dissociation curve shifts hack to the right, pro- 
motes release o~f oxygen from hemoglobin independently of 2,3- 
DPO. and thereby romUerhalunees the defect in oxygenation, 

However, alcoholics are, peculiar in that they are not only 
phosphorus .deficient and hypophosphatemia hut they almost 
always display acute respiratory alkalosis during withdrawal, 
"This condition poses an exceptionally difficult and potentially 
disastrous problem of compromising oxygen delivery to tissue, 

In the presence of a low 2,3-DPG unassociated with a disturb- 
ance in blood pH the decreased capacity for oxygen release at 
peripheral tissues must lead to an increase of cardiac output. 
This situation occurs because the heart reacts in response to 
peripheral oxygen needs, [t has been calculated that a decrease 
in red cell P*°* from a normal value of 26 mm Hg to 20 mm Hg, 
a value observed in patients with severe hypophosphatemia, would 
increase the demand for cardiac output from a normal value of 
5 1/min to 12,5 1/min (38), If such a need were superimposed on 
other circulatory demands, especially in a patient who had com- 
promised myocardial function due to malnutrition or perhaps to 
alcoholic cardiomyopathy, one could readily appreciate why heart 
failure may occur in the withdrawing alcoholic, Current unpub- 
lished experimental studies by Fuller and his associates (39) on 
phosphorus-deficient dogs showed a steady increase of end* 
diastolic pressure, a decline of cardiac output, and an impaired 
pressor response to angiotensin II. 

*| 50 as used herein refers to the value for oxygen tension of whole blood 
when SO percent saturated, temperature 37" C, pi I 7.40, 
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Sueh • ■ven'.i may mmmm paradoxic because cardiac output should 
!!ut«m.m' if the capacjiy Mivrr n\>u«'n by fed rrlN i* decrea?ifd, 
Howrvt-r, this abnormality may nui prevail in tin* ting because dug 
rtd i-fllsi apparently do not decrease production of l J,;M)PG when 
phosphorus di'firirin y induced in this manner. Therefore those 
itnihf. Aouki appear u> indu-ate that myocardial function per se 
i* unpaired by ph*i?ipnuruji deficiency. Huh important observation 
could ha\f urear hearing on myocardial insufficiency as observed 
m sonif patients experiencing alcoholic withdrawal. Thus, O'Con- 
nor and his associates have described congestive heart fail u • in 
patients n't'Miving hy peralimoiuation without adequate phosphorus 
who l!m.) became phophorus deficient (41)1. 

It has been *hown that ana* 1 hypophosphatemia impairs leuko- 
cyte function. Studies hy Craddock and associates (41) have 
shown impairment of ehemotaetic activity as well as of phagocytic 
function, Both functions ran he restored to normal by correction 
of hypophosphatemia. It has been, postulated that severe hypophos- 
phatemia, by impairing ATP synthesis, prevents formation of 
adequate energy for interaction of myosin and act in in leuko- 
cytes and is responsible for the abnormality of phagocytosis, 
lachtman and his associates have shown that hypophosphatemia 
may prevent formation of pho.^phomositides. important in chemo- 
taxis and dissolution of engulfed bacteria (42). It is tempting to 
speculate that such defects related to hypophosphatemia m the 
withdrawing chrome alcoholic could he related to their high in- 
cidence of bacterial infection. 

Thrombocytopenia, decreased platelet survival, and impaired 
platelet function have been observed in days made phosphorus 
deficient i J-i). To my knowledge, thrombocytopenia or impair- 
ment of platelet function as a result of hypophosphatemia has not 
been documented in humans. 

Acute rhabdomyoly as is common in parents with severe hypo- 
phosphatemia. , In many instances, this finding is not associated 
with overt clinical signs of rhabdomyolysis such as muscle pain, 
swelling, tenderness, or paralysis. However, it may he severe and 
can be associated with myoglobinuria 'and acute renal failure. In 
such patients, we have demonstrated not only acute severe hypo- 
phosphatemia but also, as discussed earlier, a marked deficiency of 
skeletal muscle phosphorus content. Experimental studies on dogs 
(27) have shown that feeding them a phosphorus-deficient diet in 
conjunction 'with phosphate-binding antacids for a period of 28 
flays leads to an electrochemical myopathy. This symptom is 
characterized *hy a decline in resting membrane potential, a de- 
cline of muscle phosphorus content, and increases in sodium and 
chloride contents. , s 
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A flight decline n( magnesium and potassium content also 
Ul vur\ In those »tud.e*, malnutrition was prevenn-d by gavage 
feeding, the animals a dud that was complete except fur its lack of 
phn-phorus. Similar to some alcoholics who have nut yet become 
aeiitfly hypophosphatemia, there was no elevation of CPK ay- 
te.iry. and acute rh.e -« I * imyolysi:- dul not occur / 

In further attempts to establish a model more closely resem- 
bling that seen in the patient with chronic alcoholism, 17 addi- 
tional dogs were fed a phosphorus- and calorie-deficient, but 
otherwise balanced, diet in order to induce a 80-percent weight 
loss i 1 f i. At this point, the dogs were hyperalimented with a 
phosphorus-deficient diet providing 140 eai kg per day. These 
dogs developed rhahdomolysis, preceded by acute severe hypo- 
phosphatemia, Using additional dogs prepared in a similar manner, 
provision of \M g of elemental phosphorus each day completely 
prevented acute rhahdomyolysis, despite the hyperalimentation. 
We tentatively "oneluded from these studies that phosphorus de- 
ficiency per v «ro< luces an electrochemical myopathy closely re- 
sembling the subclinical myopathy observed in many patients 
with chronic alcoholism before acute hypophosphatemia super* 
venes. I bus the CPK activity in both humans and experimental ^ 
animals with phosphorus deficiency I but without severe hypo- 
phosphatemia) was normal. However, with induction of acute 
severe hypophosphatemia in either humans or experimental 
animals with preceding phosphorus deficiency, acute necrosis 
of skeletal muscle occurs. Finally, acute necrosis of skeletal 
muscle can he prevented by providing sufficient phosphorus in 
the diet to prevent hypophosphatemia., 

Disorders of the central nervous system have been well char- 
acterized in patients with severe hypophosphatemia ( 36), In those 
instances, a sequence of symptoms compatible with a metabolic 
encephalopathy may occur; These include irritability, appre- 
hension, muscular weakness, numbness, paresthesias, dysarthria, 
confusion, obtundation, convulsive seizures, coma, and death. 
This clinical syndrome has been observed in patients who have 
not manifested other apparent causes for encephalopathy, but 
who have been treated with intravenous hyperalimentation. It is 
also seen in patients during withdrawal from chronic alcoholism. 
In the latter mstance, the clinical picture is similar in some re- 
spects to that seen in delirium tremens. However, the distinctive 
hallucinations of delirium tremens have not been observed. Ob- 
viously, both conditions may coexist. 

There appear to he at least two important metabolic derange- 
ments responsible Jor the central nervous system abnormalities 
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in hy|M;phn>piiji"iiii,i Kirs! , an inadequate supply of inorganic 
phi»-phnrus iun*. would directly impair metabolism of carbohy- 
drates unci therefore limit the production of ATP to maintain 
i-i'lluuir t'um'tion. Sivoml. tin- decline in red veil 2,3-DPG content 
»u!i I indirectly impair release of oxygen to the bruin, 
lii a report hv Iravi* .mil her cdw* irkcr-* i ."Jtii, three of" tht* eiehi 
patients who became hypophosphatemia' during hyperalimeiua* 
nun developed paresthesias about the mouth and in the extrem- 
ities, mental obtundation, and hyperventilation. These three 
patient* demonstrated marked shifts of the oxyhemoglobin dis- 
sociation rune tu thw left because of abnormally low P r>0 . Two 
who**- P* V) values were lo and 18,5 showed diffuse abnormal- 
ities of their KKG \s, these disappeared after treatment. 

The best evidence that hypophosphatemia can product 1 an 
encephalopathy has been the observation that it does not occur 
in patients rrc»-ivtng hyperalimentation if sufficient phosphorus 
is provided to prevent hypophosphatemia. An additional problem 
may coexist in a patient with alcoholic withdrawal. These pa- 
tients characterise leaJly hyperventilate. When hyperventilation 
ami the ensuing respiratory alkalosis become severe, there may be 
a sharp decline in cerebral blood flow i In). This condition, in con- 
junction, with a decreased release of oxygen from hemoglobin as a 
result of decreased 2.3 UPG content of red veils, could have dev- 
astating consequences on cerebral function. 

Finally, consideration should he given to the possibility of liver 
damage as a result of phosphorus deficiency. Studies (46) have 
suggested that acute, severe hypophosphatemia may impair hepa- 
tocellular function. In patients with alcoholic liver disease, oxygerr 
extraction was diminished in the presence of severe hypophos- 
phatemia. Reel cell 2,'i-DPG content was low. Correction of hypo- 
phosphatemia was associated with increased red cell 2,3 DPG and 
hepatic oxygen extraction. Such studies have great potential im- 
portance and could explain the well-known clinical observation 
that many alcoholics tend to become worse during the first week 
of hospitalization This finding could be related to the inadvertent 
production of hypophosphatemia, 

In <ummury, this paper has reviewed the characteristics and con- 
sequences of phosphorus deficiency and hypophosphatemia in 
patients with chronic alcoholism during their management in the 
hospital for acute complications, It seems apparent that phos- 
phorus deficiency may be responsible for some morbidity in these 
patients. The extent of the harmful effects of phosphorus de- 
ficiency and hypophosphatemia have been only superficially ex- 
amined. Whether or not avoidance of phosphorus deficiency in 
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r.itU'iitN with i-linniii- alVuhulism may for ^ all ihtw harmful i'f- 
tVcta i.s unknown. 
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Discussion of Paper by Knochel 



Unidentified Voice: With regard to your comments on the al- 
coholic and vitamin D metabolism, I think this area has not been 
looked into very much. We have looked now at 30 alcoholic cir- 
rhotic patients who have stopped drinking a month prior, and in 
half of these patients, there is initially'a low 25-hydroxy-D level. 
However, each one of these patients, who were low to begin with, 
was able to respond to vitamin D 2 replacement with elevation to 
normal or supernormal levels of 25-hydroxy-D, with a similar rise 
in serum calcium, So alcoholic cirrhotics appear to be able to re- 
spond to vitamin D as long as they are not drinking, 

Now. the question is, does alcohol itself either interrupt the 25- 
hydroxylation in the liver? Or possibly, vitamin D is shunted into 
inactive metabolites for a period after stopping alcohol, much in 
the same way as after plunobarbitoL I think we need to look a lot 
more at what happens to vitamin D in the alcoholic patient. 

The question I have is with the problems in phosphorus 'that 
you have shown and the low muscle levels in the alcoholics— why 
do you think we do not sec osteomalacia very often in alcoholics? 
The main bone lesion in alcoholics is osteoporosis. 

Dr. Knochel: Maybe for three reasons, When alcoholic patients, 
come in, they may have hypocalcemia out of proportion to their 
albumin concentration. This picture is similar to any patient with 
osteomalacia, But at the same time, if they are phosphorus de- 
ficient, this condition might shut off their parathyroid hormone 
production. They may be also hypomagnesemic, which would 
block the effect of parathormone on bone So for these reasons, 
full-blown osteomalacia may just not happen in the alcoholic. 

Unidentified Voice: Right, The one other thing is that when we 
placed our patients on vitamin D (this has been seen in some of 
the renal patients now, getting replacement) half of them, as their 
25-hydroxy-D levels went up, showed an abrupt rise in parathy- 
roid hormone from formerly fairly low levels, 

Dr, Knochel: This finding could be due to magnesium. The fact 
is, that when you give magnesium to these alcoholics, within min- 
utes their parathormone levels become enormous, 

Dr, Halsted: I wonder if you can give us some practical ap- 
proaches to therapy in the alcoholic, based on what we now know 
about phosphate metabolism, 
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Dr. Knochel: Sun*. Too much phosphorus given intravenously 
can precipitate calcium in various tissues; for that reason, our, 
policy is that you do not give phosphorus salts intravenously until 
hypophosphatemia occurs, Many of these patients can have such 
bad muscle necrosis that they correct their serum phosphorus and 
may be hyperphosphatemia especially if they have renal failure. 
That is why it is mandatory to measure serum phosphorus first. If 
the alcoholic patients become hypophosphatemic, we have been 
giving half of their ordinarily dally potassium supplement as po- 
tassium phosphate, and that has been adequate to maintain serum 
phosphorus above 1,5. You do. not get in any trouble. This dose 
of phosphorus does not lower serum calcium, Whether or not it 
helps the patient in the long run 1 cannot say, but our staff thinks 
it does. 

Dr. Li: What do you estimate to be the incidence of severe hy- 
pophosphatemia in the alcoholic? 
- Dr, Knochel: We see an average ©f five a week. 

Dr. Li: That many. You know, a while ago, Bud Beech, at 
NIAAA, sent out letters to several people around the country to 
review records regarding its incidence. At Wishard, a county hos- 
pital, we reviewed consecutively by computer almost 5,000 pa- 
tients and consecutive admissions. There were close to 6,000 de- 
terminations* and we found 10 patients with phosphorus below 
1 mg percent; of these, 3 were terminal cancer patients, 2 had 
severe diabetic ketoacidosis, and I think 5 were alcoholics ad- 
mitted because of pancreatitis and ketoacidosis, or else severe 
liver disease and ascites. And it could be that we are just not 
recognizing the population you are v deseribing. 

Dr. Knochel: Two things. I think you have to measure this 
condition daily, within the first 5 days, to make sure it does not 
happen. But the odd thing is that Jay Stein, for example, had a 
paper 15 years ago from Oklahoma City claiming that 50 percent 
of their alcoholics became hypophosphatemic. Since I have 
written on this, Jack Lemmon in Milwaukee tells me there is so 
mufih of it there that he does not want to see any more of it. So 
1 think it may be timing, or it may be how aggressively these 
people are treated. You know, if they are just put in a ward, sort 
of ignored, and are not given nutrients, they are going to become 
hypophosphatemic , 
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Effect of Ethanol on 
Human Mineral Metabolism 



Janet T. McDonald 



The purpose of this research was to investigate the claim that 
wine has "something different'* that distinguishes it from other 
alcoholic beverages (1). Wine has been heralded for its ability to 
stimulate appt tite and facilitate digestion, and there have been 
implications that wine also has a beneficial effect on the absorp- 
tion of nutrients (2). Therefore, Dr. Sheldon Marge n and I de- 
signed a metabolic balance experiment to test thi? hypothesis. The 
study took place in the Human Nutritional Laboratory, otherwise 
known as the Penthouse, at the University of California, Berkeley, 



Six healthy male volunteers, with a mean age of 25 years, were 
selected for the study. All were occasional consumers of moderate, 
nonintoxieating amounts of alcoholic beverages. The men were 
housed in the Penthouse, a closed metabolic unit, for the duration 
of the experiment, except for occasional supervised walks. No 
visitors we:e allowed, * 

The study lasted 75 days and consisted of a 3-day equilibration 
period followed by four 18-day experimental periods. These were 

(1) wine, (2) dealcoholiied wine, (3) ethanol, and (4) deionized 
water. The sequence of the four periods followed a randomized 
block design. Bach man served as his own control, 

A formula diet supplemented with crackers, Sanka, and tea was 
divided into four equal feedings served every 4 hours between 
9 a.m. and 9 p.m." In addition, a 250 g portion of one of the test; 
beverages was served at each meal: (1) California wine 1 with an 
alcohol content of 11.5 percent v/v or 9.3 percent w/v (g/lOOml), 

(2) dealcoholized Zinfandeb wine, 2 (3) a 9,3 percent w/v pure 
ethanol solution in deionized water, and (4)*deionized water. The 



^Courtesy of the Department of Viticulture and Enology* University of 
California, Davis, 

2Dea!cohoiization was achieved by distillation in a film evaporator at 45 5 C 
and 40 mm Hg> This process removed about 4,5 percent of the original 
volume, which was replaced with an equivalent volume of distilled water. 
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total amount of test beverage given was 1,000 g/day. During the 
wine and ethanol periods, the total dosage of alcohol 0 given 
amounted to between 22 and 25 percent of the total calories, de- 
pending on the subject 'd size. 

Caloric allowances were adjusted tp keep body weight constant 
by adding to the basic formula another "formula containing carbo- 
hydrate and fat, but no protein or minerals. During periods with 
no alcohol, an increased amount of the carbohydrate-fat formula 

'* was substituted for the calories contributed by alcohol. Further- 
more, during periods when ethanol and deionized water were 

* given, a solution containing nitrogen and minerals in the same con- 
centrations as present in a liter of the Zinfandel wine was added to 
the basic formula. Additional vitamins and trace mineral supple^ 
ments were administered separately to make the diet adequate in 
all known essentlaf nutrients. Choline was also given (one 250-mg 
capsule at each meal). 

Accurate 24-hour urine collections were made. Stools were col- 
lected in 3 day pools. Six-day sweat collections were made once dur- 
ing each metabolic period. The diet, urine, stools^and sweat were 
analyzed for sodium, potassium, calcium, phosphorus, magnesium, 
and zinc, A fasting venous blood sample was obtained at the begin- 
ning of the study and at the end o f each metabolic period to measure 
all of the elements just mentioned except zinc (many of the samples 
for zinc determination were hernolyzed). Data for determining 
balance were compiled in 6 -day pools and tested for significance 
by the correlated paired t test. 

Results and Discussion 

Generally speaking, the men tolerated the experiment well. 
There was "no evidence of intoxication during alcohol periods, The 
blood alcohol level of the subjects was 20 mg/100 ml 1 hour after 
a meal; no alcohol could be detected 3 hours postprandially, No 
diuretic effect of ilcohol was observed, 

% • ✓ * . 

Mineral Balance Studies 

There were no significant differences in fecal sodium or potas* 
sium excretion between the various test beverages Figure 1 shows 
the mean daily urinary sodium and potassium during each of the 
four periods, Values for urinary sodium during wine and ethanol 
administration were not* significantly different from those during 
water administration, as would be expected, because no diuretic 
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Figure I, 4 Mean Daily Urinary Sodium and Potassium of Six 
Normal Subjects During Administration of Wine, 
Dealcoholized Wine, Ethanol, and Deionized Water 
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effect of alcohol was observed, Urinary sodium during the deal- 
coholized wine period, however, was significantly less (p < 0,01) 
than that during the ethanoi and water periods, Consistent with 
this finding was a 'very low urine osmolality during dealcoholized 
\inne feeding. The reason for this is unknown, 

Significantly more potassium (p < 0.01) was excreted in the 
urine during ethanol administration than during feeding of the 
other three test beverages. This finding was consistent with the 
high urine osmolality observed during the ethanol period. The 
reason for the increased urinary potassium with ethanol (and not 
with wine) is difficult to explain unless the.congeners in wine play 
some protective fole. Due to the increased urinary potassium with 
ethanol, mean daily potassium balance was negative (^111 mg) 
during that period; this rate was significant at the 1 percent level, 
■' Differences in urinary calcium between the four regimens were 
not significant. Fecal calcium, however, was significantly greater 
when subjects consumed ethanol or water , than when they 
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consumed wine or dealcoholized wine. The mean apparent absorp- 
tion 3 of calcium was 34 percent for wine and dealcoholUed wine 
versus 16.5 percent for ethanoi and deionized water. Figure^ 2 
depicts mean calcium balance for each of the four experimental 
periods. Mean daily calcium balance was negative in all but the 
dealcoholized wine period. The differences in balance between 
wine or dealcoholized wine and ethanoi or water.were significant. 

Urinary phosphorus was significantly greater during alcohol 
periods than during nonalcohol periods (p < 0,01 - difference of 
approximately 100 mg/d), As with calcium, significantly more 
phosphorus (p < 0,01} was excreted in the stool when subjects 
received ethanoi or deionized water than when they received wine 
or dealcoholized wine. The mean apparent absorption of phos- 
phorus was 74.5 percent for wine and dealcoholized wine versus 
65 percent for ethanoi and deionized water, Figure 3 portrays 
mean phosphorus balance for each of the test beverages. Balance 
was slightly negative during wine, ethanoi, and water administra- 
tion, but markedly positive (+113 mg/d) during dealcoholized wine 
feeding. The differences in balance between dealcoholized wine 
and the other three beverages were highly significant (p < 0,01), 
The positive balance was due to a combination of both low urinary 
and low fecal excretions of phosphorus, 

There is some suggestion from these data that there is some- 
thing in wine and dealcoholized wine (e,g M the congeners) that 
tends to improve absorption of phosphorus slightly. With wine, 
however, the increased urinary phosphorus counterbalances the 
increased absorption, resulting in no change in balance, We do not 
understand why wine had a more pronounced effect than ethanoi 
on urinary phosphorus, but it may be because absorption was 
significantly greater during wine administration, and phosphate is 
easily cleared by the* kidneys. Another possibility is that there is 
some synergistic effect of the alcohol and the congeners in wine 
on phosphorus metabolism, 

.The differences in urinary magnesium between periods were 
small. However, as with the previous two elements, the subjects 
excreted significantly more fecal magnesium when given ethanoi 
;Or deionized water than when they were fed wine or dealcoholized 
wine, Mean apparent absorption of magnesium was 46 percent for 
wine and dealcoholized wine versus 35.5 percent for ethanoi and 
water, Figure 4 shows mean magnesium balance for the four experi- 
mental periods, Balance was negative throughout the experiment, 



3 Dietary intake - fecal output x 1QQ m mean a p paren t absorption * 
dietary intake \ 
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Figure 2, Mean Calcium Balance of Six Normal Subjects During 
Administration of Wine, DeaJeoholized Wine, Ethanol, 
and Deionized Water 
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Figure 3, "Mean Phosphorus Balance of* Six Normal Subjects 
During Administration of Wine, Dealcoholized Wine; 
Ethanol, and Deionized Water 
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Figure 4. Mean Magnesium Balance of Six Normal Subjects 
During Administration of Wine, Dealeoholized Wine, 
Ethanol, and Deionlzed Water . 
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This finding is difficult to explain. Intake of magnesium aver- 
aged 335 mg/d, very eldse.to the recommended dietary allowance 
(RDAj of 350 mg for men in this age group, It is unlikely that the 
RDA for magnesium is too low. It is possible that the men who 
participated in this study were accustomed to higher intakes of 
magnesium in their prior diets, and that, with time, they would 
have adapted to the Idwer intake. This situation <*ould be true 
also for calcium and phosphorus, 

Considerably more zfnc was excreted in the urine during admin- 
istration of alcoholic beverages than during administration of non- 
alcoholic ones, "The mean difference was^ about 46 m nereent and 
^highly significant (p < O'ftl), Our urinary line values tended to be 
higher than that generally, considered normal for healthy human 
adults. This finding could be due to a consistent methodologic 
error or contamination. Nevertheless, in comparing the values be- 
tween ^ periods,- evidence exists that alcohol enhances urinary 
excretion of zinc; even in normal subjects. It is well known that 
patients with alcoholic cirrhosis excrete abnormally larg^ amounts 
of zinc in their urine 1*3,4,5,6,7), ' 

Most of the zinc ingested was excreted in the stooL Signifi- 
cantly more zinc was excreted when ethanol was fed than when 
wine ordealeohoUzed wine were given (p < 0,01), There was a 
less significant difference in fecal zinc between water and t 4ealco- 
holized wine (p < 0,05), Figure 5 illustrates the zinc balance data 
for the four test periods. Balance was positive for wine and 
dealcoholized wine and negative for ethanol and water. The dif- 
ferences were significant, _ 

In addition to increased urinary potassium, phosphorus, and 
zinc, there was alb^ increased urinary nitrogen with both wine and 
ethanol administration (8). Alcohol may affect the metabolism or 
renal tubular reabsorption of these> substances. Muscle contains 
considerable amounts of all of these elements, so some .muscle 
catabohsm may have occurred during periods of alcohol adminis- 
tration, The urinary creatinine excretion of the subjects does not 
support this hypothesis, but recent reports have suggested that the 
correlation of creatinine excretion with lean body mass Has little 
physiological validity (9,10). Muscle damage, as assessed by serum 
levels of creatinine phosphoTSinase following^thanol ingestion by 
nonalcoholic young men .maintained on a nutritionally adequate 
diet, has been reported by others (11). 

The decreased fecal output of calcium, phosphorus, magnesium, 
and zinc with wine and dealcoholized wine was presumably due to ( 
increased absorption but may have, in addition, reflected a de- 
'crease in the, endogenous secretion of these elements. This result 
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Figure p. Mean Zinc Balance of Six Normal Subjects During 
Administration of Wine, Dealcoholized Wine, Kthanol, 
and Deionized Water 
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app'ire'itly was due to an effect of one or more of the many con- 
geners present in wine and absent in a calorieally equivalent 
amount of pure ethanol. The natural acidity of wine (average pH 
of 3.5 for table wines), in contrast to pure alcohol, also may have 
played a role in creating a more favorable intraluminal environ, 
ment for absorption. Further experimentation is required to deter- 
mine the underlying mechanisms, 

e Serum Values 

Serum levels of sodium, potassium, calcium, phosphorus, and 
magnesium did not change appreciably during the , course of the 
txperiment, indicating that alcohol in the amounts and for the 
length of time given in this study had no effect on this parameter. 
Results of previous experimental studies in this area are conflicting. 
In almost all of the reported studies, however, either the subjects 
were alcoholics or alcohol was administered acutely in large doses; 
serum ion levels were measured within a few hours. 

Concluding Remarks ^ 

Results of this investigation do not imply that prolonged use of 
large amounts of alcohol has no serious consequences on gastro- 
-intestinal or other bodily functions. Although some effects of 
alcohol observed in this experiment could be considered delete- 
nous, it seems that temperate amounts are not particularly harm- 
ful, and wine, if one enjoys it, may, when taken with meals, have a 
beneficial effect on absorption of certain nutrients. 

I would like to comment briefly on a few of the problems of 
alcohol research. The primary aim of this investigation was to 
determine the effects of wine versus pure alcohol on certain 
metab6hUresponses„One of the first effects of consuming alcohol 
'li the recognition of its characteristic, taste, and, smell, followed by 
; r mUd epigastric jensattons when the beverage reaches the stomach 
(12) From an experimental viewpoint, these effects are important. 
It is difficult to devise a dummy control drink that pleases the 
- palate but contains no ethanol. Without a proper control beverage, 
' distinction is almost impossible between the effects of alcohol 
^perse whatever the: form, and the effects of drinking, with the, 
many social iiriU, emotional factors involved. It was not fea- 
sible, however, to disguise the four , test beverages, and similar 
efforts by previous investigators have not been successful either. 



& ■ 
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Another problem in the area of alcohol research is the lack of 
uniformity in the type and amount of beverage used by various 
investigators, making comparison of data from different labora- 
tories extremely difficult. Wine, in particular, has a complicated 
composition (more than 800 components) with many variations, 
depending on the variety of grape used, the climatic conditions 
under which the grapes were grown, and the processes of fermen- 
tation and aging employed. Prior to our experiment, it was 
anticipated that standardization of wine research could be insti- 
tuted and, it was hoped, continued, Unfortunately, the wine 
used in this study was of rather poor quality and disliked intensely 
by all subjects. The concept of using a standardized wine (i.e., 
from the. same source and of the same type) for research, never- 
theless, is an important one. For future studies, a wine of un- 
questionable quality (as judged by a panel of experts) should 
be chosen, » 

The data obtained in the present experiment by the balance 
method suggest that the nonalcoholic constituents of wine given 
in moderate amounts enhance the absorption of certain minerals, 
but do not lead to conclusions with respect to the mechanisms 
involved. The balance technique tells us if the 'subject ingested 
Enough of an element under study to cover measured losses, but 
it tells .us nothing about what happened to the element in- the 
body (13), Such information is difficult ^o obtain without using 
radioactive tracers, Tracers are particularly valuable because they 
obviate the formidable problem of contamination, Perhaps a 
combination of the tracer technique and balance method should 
be used in future experiments. ^- 

•Further research is neede^to determine, the minimum amount 
of wine that will exert a measurable effect and to determine 
which constituents of Wine are responsible for increasing absorp- 
tion. That research will involve the complex task of separating 
and purifying the, numerous components .of wine and* making 
them available for experimental puqjoses, Standardisation of 
wine, as mentioned earlier, Nvould have to be a prerequisite. It 
would be of interest, also, to learn whether the nonalcoholic 
constituents of beer and distilled spirits exert effects on absorp- 
tion similar to those of wine. The final question that will have to 
be answered is, "Of what clinical benefit is this information, and 
how can it be applied^" / ^ 

Finally, most of the alcohol studies to date have either been 
performed with alcoholics or have involved the administration of 
extremely large doses of alcohol to nonalcoholic volunteers.^ ^ry 
few studies have tested the effect of moderate doses of alcohol, in 



202 



MCDONALD 



various forms, in normal individuals, for extended periods of time* 
This sort of information is clearly needed, The United States is 
attempting to formulate a national nutrition policy, which is long 
overdue, In this policy should be a statement about safe limits of 
.alcohol consumption... How much can the average person drink 
withftut harmful effects? At this point, we don't know. Future 
studies on alcohol should attempt to answer this question, 
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Discussion of Paper by McDonald 



Di\ Li: There is some data in the old German literature that 
beer enhances iron absorption. Have you seen this, or do you 
know whether wine does that? 

Dr. McDonald: We did study wine. I had not mentioned iron 
today because we had a problem with our fecal samples, with 
contamination* Fecal samples were homogenized in a colloid mill 
and were contaminated with iron, so I did not present these data. 
It is hard to say what happened. There was no difference in 
urinary iron, however, between any of the beverages. 

Dr. Lester: I think the v/ork is especially fascinating because 
your studies show differences that seem to be ascribable to wine 
per se as against alcohol. I have looked at this literature, and it 
seems to me that youc studies are among the first to show an 
effect of the nonalcoholic part of alcoholic beveragei, so I think 
they are very significant. One or two specific questions, if I may. 
Question one, although I did not see it in your summary, I thought 
I saw in one of your first slides that d ©alcoholized wine caused 
decreased urinary sodium excretion* 

Dr. McDonald: N o, that is not right, 

Dr, Lester: Second question, now does one go about dealco- 
holizing wine? You said a word about it at the beginning, and I 
missed the word, and what is the residuum that is left? 

Dr, MoBfcnaid: The dealcoholization was alsoedone at Univer- 
sity of California, Davis, by distillation in a film evaporator at 
45 s C and 40 mm Hg, This process removed about 45 percent of 
the original volume, and as I mentioned, other volatiles went off. 
Some of the volatile esters were lost* But the 45 percent of the 
original volume that was lost was. replaced with an equivalent 
volume of distilled water, In order to use deethandliEed wine, you 
have to come up with a synthetic mixture and replace it that way, 
I do not think at this state of the art anyone knows how to do 
that, . 

Dr* Beard: Dr, McDonald, I am curious as to whether the same 
amount of alcohol/kg was given via pure ethanol compared to 
the wine. 

_ - i 

Dr. McDonald: Yes. v 

Dr. Beard: Then I would predict that you would have had 
higher blood alcohol levels from the ethanol than from the wine. 
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This was demonstrated many years ago, Thus, using pure ethanol 
as reference, about the closest you get is vodka, and then Scotch, 
or gin, and then bourdon, and then wines and beer, Now, if you 
take the same amount of ethanol/kg, you get fantastically much 
reduced blood levels from beer, table wine, etc*, as compared 
to the sane amount of ethanol from other forms of alcoholic 
beverages* And I was wondering if you found those differences, 
and whether they may have helped to explain some of the results. 

Dr. McDonald: No, we did not find these differences. We did 
not draw the firit blood until '80 minutes after the meal^and the 
levels were so low that any difference might possibly have been 
within the s error of the method. Twenty rag percent is just quite 
low, and we did not see any difference, It was the same with both 
wine and ethanol, 

Dr. Beard: The other question I had concerned your comment 
that you had a significant reduction in the urine osmolality, and 
from the data presented I would find that difficult to ascertain, 

Dr, McDonald: We had a very low potassium and very low urea 
nitrogen with dealcoholized wine, so there was a very low urine 
osmolality. 
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Intestinal malabsorption may be a significant contributing 
factor in the poor nutrition of alcoholics. Previous clinical studies 
demonstrated a frequency of diarrhea in about one-third - of binge- 
drinking alcoholics (1), which may be associated with poor ab- 
sorption of dietary fat (2); of orally administered labeled thi- 
amine (3), <5f folic acid (4), and of vitamin B 12 (5); and of sodium 
and chloride perfused in the jejunum (6). Other experimental 
studies have shown that ethanol, administered in vivo or intro- 
duced to in vitro systems in concentrations similar to those ob- 
tained in the small intestine during active drinking (7), impairs 
intestinal transport of certain amino acids (8), stimulates intes- 
tinal mucosal adenyl cyclase (9) 5 and may inhibit mucosal Na, K- 
dependent ATPase (10), * 

Folate deficiency is the most common cause of anemia in the 
alcoholic - population. Contributory causes of alcoholic folate 
deficiency include dietary lack, inadequate hepatic storage (11), 
the possible development of a serum protein binder (12), and 
intestinal malabsorption (4, 13,-14 )v-Three clinical studies have 
demonstrated that 3 rtlabeled pteroylmonoglutarnyl folate ( 3 H= 
PG-1) absorption is impaired in poorly nourished, binge-drinking 
alcoholics (4,13,14). * ■ 

In an initial study (4), 13 alcoholics were admffiistered 3 H~PG-1 
orally, 1.5/ig/kg, within 24 hours of admission to a hospital. 
Tissue folate saturation was accomplished by means, of the simul- 
taneous administration of intravenous PG-1, 30 mg, found to be 
adequate by measurement of its distribution, metabolism, and 
excretion. Compared to a group of hospitalized nonalcoholic con- 
trols and to a group of 10 stable alcoholics studied after 2 weeks 
of hospital, care, the rise in serum radioactivity was significantly 
less in the group of recent drinkers. 



*This work was supported by National Institutes of Health Grant AM 18330. 
**We are grateful to Boris Ruebner, M,D tf for assistance in interpreting his* 
to logic changes and to Elizabeth Gong for technical help. 
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The more direct method of jejunal perfusion was subsequently 
used to measure the'niueosal uptake of 3 H-P6 1 in binge-drinking 
alcoholics (13). Following jejunal intubation and perfusion of an 
isotonic solution containing 25 mg/1 of 3 H-PG-1 and glucose, 
16.7 mM, the disappearance of the label from 30 cm of perfused 
jejunum was significantly less in eight poorly nourished vagrant 
alcoholics than in three middle-class alcoholics who had eaten 
normally during their binge, Repeated studies showed improved 
jejunal uptake of 3 H-PG-1 after 2 weeks of abstinence with a 
nutritious diet. 

The administration of ethanol, 192 g per day, with a nutritious 
hospital diet for a 2-week period, suppressed the jejunal uptake of 
3 H-PG-1 in only two of seven subjects^ These studies suggested 
that the combination of poor nutrition and recent alcohol inges- 
tion impaired the intestinal absorption of 3 H-PG-1. Further 
analysis (14) indicated that, in the initial group of 11 patients, the 
poor jejunal uptake of 3 H-PG-1, as well as of sodium, correlated 
with a low serum folate level on admission to the study. 

The third study measured the effect of the dietary induction of 
folate deficiency, with and without concomitant ethanol admin- 
istration, jejunal uptake of 3 H-PG-1, water, and sodium (14). Two 
alcoholic volunteer^, previously stabilized in the hospital, ingested 
a folate-depleted diet together with ethanol, 200 g per day, until 
" tissue evidence of folate deficiency developed. Serum folate levels 
becanie-subnarmal after 3 weeks, and megaloblastic erythropoiesis, 
of the bone' marrow was observed after 8 weeks. The jejunal 
mucosa, obtained By Crosby capsule, remained normal to light 
microscopy at this time. Jejunal perfusion of the glucose-saline 
solution containing 3 H-PG-1 was perforfried during the initial con- 
" tool period of abstinence, after development of megaloblastic bone 
marrow, and a third time, after correction of folate deffclency-by, 
2 weeks of oral folic acid therapy, 5 mg per day.' During this latter 
time, ethanol ingestion continued at the same daily dose. When 
folate depletion had been achieved at 6 weeks, perfusion of each 
patient showed s a sharp decrease in the jejunal uptake of 3 H-PG-1, 
glucose, water, and sodium, The uptake of each substance re- 
turned to control levels after folic acid therapy despite continued 
ethanol ingestion, ., - . t . 

In a third subject, folate deficiency with megaloblastic change 
in the bone marrow was* achieved after 9 weeks of diet without 
ethanol. Jejunal perfusion at this time showed no change in the 
uptake of 3 H-PG-1 or of glucose, but did show a decrease., in ab- 
sorption to net jejunal secretion of sodium and water, The effect 
of ethanol alone was studied in a fourth subject in whom jejunal 
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uptakes were compared aftef a 3-week period of hospital diet sup- 
■plemented by ethanol, 300 g daily, and again after a 2-week period 
of abstinence. No change was observed in the jejunal uptake of 
3 H-PG-1 and glucose, and net jejunal secretion of water and 
sodium was observed after the period of ethanol ingestion, Thus, 
in this prospective study of four patients, either ethanol ingestion 
or folate deficiency induced by diet was followed by decreased 
jejunal uptake of water and sodium, whereas the combination of 
i these two factors resulted additionally in the malabsorption of 
glucose and 3 H-PG-1 5 . - 

The role of protein deficiency in intestinal folate metabolism 
and absorption was tested in another study in which rats were fed 
liquid diets containing no protein and 36 percent of their calories 
as ethanol (15). Compared to controls fed varied combinations of 
ethanol and protein, no changes were observed in the uptake of 
3 H PG-1 from perfused jejunal loops or in the activity of jejunal 
dehydrofolate reductase. 

Other researchers have shown decreased jejunal uptake of water 
and sodium chloride during jejunal perfusion of recently drinking 

■ alcoholics (8), A recent study has demonstrated that 2- weeks' ad- 
ministration of either ethanol and a folate-deficient diet or of a 
folate-deficient diet alone to normal volunteers is followed by de- 
creased jejunal uptake of water and sodium (16). The independent 
role 'of folate deficiency in altered gut function has been demon- 
strated in the rat, in which induction of folate deficiency is fol- 
lowed by megalocytic changes in the epithelial surface epithelium 

.(17), decreased uptake of labeled thiamine f 18), and net jejunal 
secretion of water and. sodium (19), Thus, the combination of 
dietary folate deficiency and continued exposure of the small in- 

■ testine to ethanol may explain the diarrhea and malabsorption ot 
3 H-PG-1 of chronic alcoholism. ^ 

Although these date indicate that pdorly nourished* folate- 
deficient alcoholics have impaired intestinal absorption of - 3 H-PG-1, 
they are incomplete with respect to the effect of alcoholism on 
the availability of folates from natural sources. Dietary folates are 
predominantly a mixture of pt^roylpolyglutamates that, during 
the process of intestinal absorption, are hydrolyzed to pteroyl- 
monoglutamate by an enzyme (folate conjugase) jn the smal| 
intestine mucosa (20, 21, 22). Thus, folate malabsorption could 
result from impaired ^activity of folate conjugase, decreased 
intestinal transport of PG-1, or a combination of these factors. 

We have chosen the nbnhuman primate as an animal model in 
which to study more fully the effect of alcoholism on folate ab- 
X, sorption and metabolism. In f a previous study of baboojns, Lieber 
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and de Carli showed that the chronic ingestion of ethanol as 50 
percent of total calories was fo lit) wed by a spectrum of hepatic 
injury, including fatty and inflammatory changes and, ultimately, 
cirrhosis (23), Although these studies were interpreted to show an 
injurious effect of ethanol on the liver independent of malnutri- 
tion, the data did 0 not exclude altered nutrient absorption as a re- 
sult of chronic exposure to ethanol. Other earlier studies showed 
that the gastrointestinal tract of the rhesus monkey is susceptible 
to dietary folate deficiency (expressed as diarrhea), in association 
with rapidly developing megaloblastic anemia (24). 

Materials and Methods 

Monkeys of the species Macaque radiata^ weighing 3 to 5 kg and 
of both sexes, were purchased after removal from their natural 
habitat. Each animal was trained to ingest a totally liquid diet as 
its sole source of fluid and calories. The diet, identical to that used 
in the baboon study, was isoc alone and contained 16,6 percent of 
calories as protein (casein), 21,4 percent as lipid (corn oil and 
olive oil), and 62 percent as carbohydrate (dextrin-maltose), Vi- 
tamins and" minerals weie present in adequate amounts, including 
an excess of folic acid (600 mg per liter). Over a period of adapta- 
tion, five monkeys received a similar diet in which ethanol was 
gradually replaced for carbohydrate to a final level of 50 percent 
of total calories. The animals were paired by sex and initial body 
weight. The diet was offered as 100 cal/kg to the, ethanol group, 
while each control animal was fed amounts equal to the , previous 
day's intake" of its pair. Each monkey 6 was weighei twice weekly, 
and the average daily caloric intake per kilogram was calculated 
for each month. . - . 

Folate ^tatus was monitored by determining serum and red cell 
folate levels in blood drawn at monthly intervals (26). Addi- 
tionally, monthly measurements were made of complete blood 
count and serum levels of total, protein, albumin, alkaline 
phosphatase and glutamic oxaloacetic transaminase (SGOT), At 
3-month intervals, the monkeys were transferred to hanging 
metabolic cages for 5-day collections of urine and feces. This 
procedure permitted subsequent anaiyfit of excretion of average 
fecal lipid (27) and. nitrbgen excretion (micro-Kjeldahl method) 
and'; at the 6 -month interval, of complete nitrogen balance. 

After 3 months, surgical laparotomy was^ performed on each 
animal, About 2 g of liver was removed for microscopy and meas- 
urement of folate (26) and protein concentration (28). After 
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subsequent digestion with exogenous hog kidney folate eonjugase, 
total hepatic 1 folate was measured using two organisms, Lactobac- 
illus case^ and Streptococcus faecalis: Use of the two organisms 
permitted an estimate of the mcthyiation of hepatic folates as the 
difference in values, divided by activity for L. casei, multiplied by 
100, At laparotomy, the jejunal mucosa of each animal were 
sampled through an elliptical incision. The mucosa were subse- 
quently analyzed by light and electron microscopy and measure- 
ment made, of activities of sucrase and lactase (29) and folate eon- 
jugase (30), 

One month after surgery, folic acid absorption was measured as 
follows, Each fasting animal was administered 3 H=PG-I, 25 jig/kg, 
by stomach tube, The compound was proved pure by previous 
DEAE column chromatography, Two hours following administra- 
tion of the labeled folate, each animal received 5 mg of folic acid 
intramuscularly as a tissue-saturating dose. Isotope recovery was 
measured in urine collected during tha following 72 hours. Counts 
were corrected for quenching using a quench curve and also by in- 
ternal standards, 

Results and Discussion 

After 7 months of feeding, all animals maintained weight or 
showed a slight gain* However, as shown in figure 1, the daily 
caloric intake required for weight maintenance, calculated as aver- 
age daily calories consumed per kg body wt, was significantly 
greater in the ethanoi-fed monkeys from the second .month on- 
ward, This finding could not be ascribed to intestinal malabsorp- 
tion, because fecal fat and nitrogen excretion, expressed as a per- 
centage -M daily intake, was no different , between the groups at 3 
and 6 months (table 1), Complete nifrogen balance at 6 months 
showed no changes between the groups (figure 2), These data con- 
trast with those of Rodrigo et ,al., who showed increased urinary 
nitrogen excretion and negative nitrogen balance in rats fed 86 
percent of their calories as ethanol for 24 days (31). The findings 
are consistent with" the "empty calorie" concept of ethanol as a 
food, which Pirola et al. suggest is due to the loss of hydrogen 
equivalents through the hepatic rnicrosomal ethatiol-oxidizing sys- 
tem (32). , 

Liver specimens obtained by surgical laparotomy at 8 months 
demonstrated fatty deposition within the parenchymal colls of 
each ethanol-fad animal. By electro^ microscopy, in addition to 
fat droplets, the parenchymal cells showed mitochondrial swelling 
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Figure 1." Caloric Intake per kg Body wt/d. Based on Average 
Values Calculated for Each of Seven Months 
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Table 1. Thecal Fat and Nitrogen Excretion in Ethanol-Fed^and 
Control Monkeys, as Percentage of Amount Fed per Day 





Fat 


Nitrogen 


Fat 


Nitrogen 


Ethan©! fed 


"" 150+1.34 


^^±0,3 


"10,4 + 0,9 


6,340,3 


Control fed 


17,5*1,58 


4.1±0.6 H 


12,3*1,3 


6, 2 ±0,5 



with prominent crista© and also apparent early collagen deposition 
^within the space of Dissfe (figure 3). Further evidence that ethanol 
.Jfeeding was associated with hepatic injury included the observa- 
tion in the; ethanol-fed animals of a 2-feld rise in SGOT at 8 
months, followed by a 6-fold rise at 6 months, Alkaline phos- 
phatase was not a sensitive indicator of early hepatic injury (table 
2), No changes were 'observed in serum proteins. Light or electron 
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Figure 2* Nitrogen Balance at Three Months 
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SGOT jdiL Alkalinu phosphate /i/L 

3 months 6 months 3 months 6 months 

Ethane! fed 77.5±14 188140.3 321.2^30.6 - 440±48.I3 

Control fed 30,4 16,63 308136.5 



microscopy revealed no differences in the small intestinal 
mucosa. 

The changes in the hepatic parenchyma are similar to those de- 1 
scribed by Lieber and de Carli, who found fatty changes with 
mitochondrial enlargement and measured increases in hepatic tri- 
glyceride and collagen and activity of the microsomal ethanol- 
oxidizing system in baboons fed a similar diet (23). Rubin et al. 
described distorted mitochondria with dilated smooth endo- 
plasmic reticulum in surface epithelial cells of gut mucosa of rats 
fed .ethanol for 9 months and in jejunal biopsy specimens of al- 
coholic patient volunteers who had received 150 to 200 g of 
ethanol/d for 2 months (33). The present data suggest that the 
hepatic parenchymal cell is more sensitive to ethanol, because 
these cells, but not the epithelial cells of the gut, were affected 
at this early stage of ethanol feeding. 

As shown in table 3 S the hepatic folate concentration in the 
ethanol-fed monkeys was significantly less than that in the con- 
trol animals (p < 0.001). Hepatic protein concentrations were 
similar in the groups, so it is likely that these data reflect an 
actual decrease in parenchymal cell folate and not greater con- 
tributions of fat to the weight of the livers of ethanol-fed animals. 
As shown, the percentage of methylated folate was significantly 
less in the liver tissue from the alcohol-fed animals (p < 0.01). 
Hepatic folate deficiency did not correlate with hematopoietic 



Table 3* Hepatic Folate and Protein Concentration 
at Three Months 





Folate /ig/G 


% Methylated 


Protein mg/G 


Ethanol fed 


,4.28±0.38 


55.7 + 1,8, 


18.0.4 ±13.8 


Control fed 


7.0i±Q 5 59 


65.843.4 


191.8 + 24.3 


P 


<.O01 


<.01 


N,S. 
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Table 4, Serum and Red Cell Folate Levels 





Serum (ng/ml) 


Red eel! (ng/ml) 




3 months 6 mbnths 


3 months 6 months 


Ethanol fed 


5,7i,03 5.7 t LQ9 


62.4 ±7.13 46. 0± 14.3 


Control fed 


4.7 1.46 3. 3 ±.4 4 


53.0 + 3.02 34,1±9.56 


deficiency :• 


None of the animals bee: am 


ie anemic, and serum and 



red cell folate levels remained unchanged throughout (table 4). 
The red - cell folate levels were' considerably lower than normal 
human levels (34). 

Other researchers have described levels in this range in the ba- 
boon, suggesting distinct interspecies differences (35), Mainte- 
nance of peripheral blood folate status may be ascribed in part to 
the excessive provision of dietary folate (50/ig/kg body wt), even 
though, as described below, folate absorption was impaired in 
the ethanol- fed animals. The lack of correlation of the effect of 
ethanol feeding on hepatic and circulating folate suggests that the 
latter site is preferentially spared at the same time as hepatic 
storage capability, and methylation is diminished. 

Following administration by gastric gavage of purified 3 HUPG-i, 
followed by an intramuscular tissue-saturating dose of folic acid, 
significantly less radioactive label appeared in the 72-hour urine 
collection of the ethanol-fed animals than did in the controls 
- (table 5). These results could reflect altered renal, hepatic, or in- 
testinal function, Creatinine clearances were similar in the two 
groups, Previous work suggests that the hepatic injury of ethanol 
results in less hepatic retention of labeled 3 H-PG-1, a factor that 
should enhance, rather than diminish, urinary folate excretion 
(36), We have previously demonstrated the adequacy of tissue 

Y 

TableS, Absorption of 3 H-PG-1 




% 3 H recovered* 



* Ethanol fed 18,8*1,9 
Control fed 43,8 + 5.8 



Note- p < 0,005 

* In 72-hour urine after gastric gavage. 
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saturation by this method in an alcoholic patient (4) and consider 
it unlikely that lowered urinary excretion in the ethanol-fed 
animals represents loss of the Uocope into depleted tissue. These 
data are most consistent with impaired intestinal absorption of 
3 H-PG 1 in the ethanol-fed monkeys. The activity of jejunal folate 
conjugate, as well as that of jejunal disaceharidase, was not im- 
paired by ethanol feeding (table 6), so the present data suggest 
that intestinal hydrolysis of pteroylpolyglutarnate is not impaired 
by chrome ethanol feeding. 



Table 6. Jejunal Enzymes After Three Months 





Folate conjugase 


Lactase 


§u erase 




nM/mg protein 


/i/g protein 


lilg protein 


Ethanol fed 


1.45*. 54 


25.3 + 6.1 


312±139 


Control fed 


0.861.17 


23.8±3.7 


479+152 



Conclusions and Research Needs 

A prospective study of the effect of prolonged ethanol adminis- 
tration on hepatic and intestinal folate metabolism has, been 
initiated using a nonhuman primate model. After 3 months of 
feeding 50 percent of calories as ethanol, the data have shown a 
greater caloric requirtffnent for weight maintenance in the ethanoU 
fed animals; however, there ^as no evidence for dietary Cat or ni- 
trogen malabsorption, The decreased folate concentration in the 
liver may be ascribed to a combination of diminished intestinal ab- 
sorption of folic acid and altered hepatic metabolism, as suggested 
by impaired methylation. We anticipate that continued ethanol 
feeding will result; in progressive hepatic injury, which may be 
associated with more severe impairment of folate metabolism. 
Further studies on this model will focus on the following areas, 

1. Correlation of predictable progression of hepatic injury with 
altered hepatic synthesis of pteroylpolyglutamate, the storage 
form of folate. Following absorption as pteroylmonoglutamate, 
folates are reconju gated to pteroylpolyglutamate in the liver (37). 
Impaired hepatic pteroylpolyglutamate synthesis can be evaluated 
by chromatographic analysis of liver folates after parenteral injec- 
tion of labeled 3 H-PG-1 (38). Results between the groups can be 
correlated with microscopic assessment of hepatic injury. 
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2, Evaluation of the effect of chronic ethanol feeding on hy- 
drolysis and absorption of pteroylpolyglutamates. The finding of 
similar activities of mucosal folate conjugase in the two groups 
does not exclude the possibility that chronic ethanol feeding im- 
pairs the intestinal hydrolysis of pioroylpolyglutamates. Micro- 
scopic changes in the epithelium may develop with more pro- 
longed feeding of ethanol, A recent study has shown impaired 
activity of brush border surface disaccharidases in chronic alco- 
holics (39), We have recently described the presence of two 
mucosal folate conjugase activities —one intracellular and the other 
on the brush border surface (40), Our human jejunal perfusion 
studies indicated that the in vivo hydrolysis of pteroylpolygluta- 
mates is primarily affected by a surface-active folate conjugase 
(41), so it will be appropriate to study the specific effect of 
ethanol on the brush border surface enzyme. The availability of 
synthetic ^C-iabeied pteroylheptaglutamate will permit future 
comparisons of absorption of this compound , administered si- 
multaneously with H-pG-1 . 

3, Evaluation of the effect of dietary induction of folate de- 
ficiency on intestinal and hepatic folate metabolism, In view of 
the morbidityjsevere diarrhea) (25) and possible mortality to be 
expected from induction of folate deficiency in the monkey, we 
have chosen to save this aspect of the experiment until last. By 
removing folate from all diets, it will be possible to study the ef- 
fect of folate deficiency, with and without continued ethanol 
administration, on peripheral blood folate levels, on intestinal 
folate absorption, and on hepatic synthesis of pteroylpolyglutamate 
storage folate, again correlating these data with microscopic 
evaluation of the injury, 
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Discussion of Paper by Halsted et al, 



Dr, Schenker: I think I heard you say that it is not completely 
straightened out whether folate is transported by an active process 
or not, What seemed to be the difficulties with regard to determin- 
ing the mechanism of transport of folate? That is my first ques- 
tion, And the second question is, in your monkeys, you expressed 
your folate concentration in the liver as per unit weight, What 
about the total size of the liver in the monkeys? Was it larger? If 
you were to multiply it by that factor, would the difference be 
smaller? 

Dr. Halsted: Well, let me answer the second question first. 1 do 
not know; what the total weights of the livers are because they are 
still in the monkeys, I guess this gets down to the problem that 
everybody deals with, how do you express enzyme activity in the 
liver? If fat is increasing, weight of the liver also increases, We have 
also expressed the results on the basis of per mg protein, and there 
is still a significant difference, 

Dr, Schenker: There are some ultrasound techniques whereby 
you could perhaps determine the total mass of the liver, and that 
was really what I was getting at, We are using it in patients in 
terms of determining drug-metabolizing activity, and I think that 
might be something you might want to consider using. 

Dr, Halsted: Thank you. As for mechanisms of folate absorp- 
tion, I think it is surprising that people have worked in this area 
for 15 or 20 years, and the answer is still elusive. I think the best 
evidence is that folic acid absorption is a saturable process, and it 
can be stimulated with glucose, Congenital folic acid deficiency in 
humans has been reported, which suggests that there is a specific 
carrier mechanism. Whether this means that there is an active 
uphill transport or whether something else is going on is unclear, 
There is another theory. It holds that the polarity of folic acid is 
changed as it goes through the unstirred layer because of pH 
changes, and this somehow affects solubility and transport, 
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The Effect of Ethanol 
on Folate Metabolism* 



Robert S. Hillman 

Studies of the incidence and character of hematological ab- 
normalities in alcoholic patients have directed attention to an 
apparent toxic effect of alcohol on folate metabolism, This 
interference with normal folate supply to hematopoietic tissue 
results in marked disruptions of cellular proliferation, maturation, 
survival, and function. However, the defect in cellular maturation, 
that is, abnormal DNA replication and cell division, is the recog- 
nized hallmark of folate deficiency. Clinically, it is first recog- 
nized by the appearance of megaloblastic erythropoiesis on 
examination of the bone marrow, followed by the development of 
a macrocytic anemia. 

The direct relationship between alcohol and folate-deficient 
megaloblastic erythropoiesis was first established by Sullivan and 
Herbert (16,17). Since then, survey studies of chronic alcoholic 
patirfhts have shown low serum and /or red cell folate levels in 50 
to 80 percent of such individuals, with up to 60 percent having 
associated hematological abnormalities (6,18). The effect of 
alcohol ingestion on the serum folate level is dramatic, When 
normal individuals are placed on a diet containing little or no 
folate and asked to drink sufficient alcohol to raise their blood 
alcohol levt Is to approximately 100 mg/100 ml, they demonstrate 
a dramatic reduction in serum folate levels, These reach a deficient 
range within 24 to 48 hours (7). This effect can also be seen with 
acute intravenous infusions of alcohol. It is quite different from 
the behavior of serum folate levels in subjects maintained on 
deficient diets alone (8)* It is also significant in terms of tissue 
folate supply; megaloblastic erythropoiesis will follow within as 
little as 10 days as a result of this level of alcohol ingestion. 

The ability of alcohol to induce a tissue abnormality is closely 
related to the state of folate nutrition, As demonstrated by the 
Sullivan and Herbert study (16) and the work of Lindenbaum and 
Lieber (13), folate supplementation will counteract the toxic 
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effect of alcohol on folate metabolism. Furthermore, in a Seattle 
survey study of chronic alcoholics, the relationship of food and 
alcohol to the incidence of hematological abnormalities was clearly 
demonstrated (5). Patients with abnormal hematopoiesis tended 
to drink the equivalent of more than 4 to 8 ounces of 100-percent 
ethanol per day and eat less than one meal per day, Thus, any 
study of alcohol toxicity on folate metabolism must be aware of 
and control for the level of folate nutrition, 

Although simple dietary deprivation of folate plays an impor- 
tant role, it is not the only reason for abnormal folate metabolism 
in chronic alcoholics. At least two other mechanisms have now 
been identified. As discussed by Dr. Halsted, alcohol interferes 
with the absorption of folate in patients with poor folate nutrition. 
However, similar to the dietary deprivation situation, this toxic 
effect cannot explain the dramatic fall in serum folate levels and 
the rapid induction of megaloblastic erythropoiesis. Therefore, 
attention must be directed toward a tokic effect of alcohol on 
internal folate metabolism. 

When the rapid depression of serum folate levels by alcohol was 
first appreciated, Eichner and Hillman carried out a series of 
studies looking for an alcohol-induced error in the measurement 
of*serum folate (7), Alcoholic plasma, alcohol, aeetaldehyde, 
lactate, and triglycerides were tested for. their effect on the L, casei 
bacteriological assay system. No inhibitory effect could be de- 
tected. In addition, subsequent studies using the milk binder 
radioisotope assay of serum folate have confirmed the effect of 
- alcohol on folate levels, thereby ruling against a simple measure- 
ment error (15). Studies of folate binders in the plasma of alco- 
holics have also failed to reveal any nonspecific effect of alcohol 
which might interfere with folate delivery to cells (4). 

A more productive area of investigation has been the study of 
internal folate kinetics. Beginning with the first measurements of 
tissue uptake and handling of folate, it has been possible, using 
nonisotopic folate, to show a change in tissue avidity for folate 
in association with folate deprivation (2,3,9). As the methodology 
for kinetic measurements has improved, studies carried out on 
alcoholic humans have demonstrated normal or increased uptake 
and tissue binding of tritiated pteroylglutamic acid, regardless of 
the state of folate nutrition or alcohol intake (1,12,19), As 
estimated by the Johns ft aL (11) washout technique, the apparent 
rate of pteroylglutamate reduction, methylation, and storage as a 
tissue-bound methylteteahydrofolate pentaglutamate Was similar 
for normal, folate-deficient, and alcoholic subjects. Perhaps the 
only suggestion of an alcohol-related defect was a slight increase 
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in storage and/of a decrease in utilization of 14 C rnuthyltetrahy- 
dro folate in alcoholic subjects. However, this finding must be 
interpreted in the light of the use of a 14 C-rnethyltetxahydrofolate 
isotope that not only is of low specific activity, but also contains 
equal amounts of the d4somer, a form of the vitamin that- may not 
k be used by human tissue. 

Studies using a rat-animal model have provided much more 
satisfactory data, McGuffin et al. were able to show that acute 
alcohol ingestion in the rat results in a rapid depression of serum 
folate levels, at a time when liver folate stores are relatively 
intact (14), These results are similar to those experienced with 
human studies. It has also been possible to establish the isotopic 
and chromatographic techniques required for measurements of 
folate clearance from plasma, hepatic uptake and storage^ rates of 
folate congener and polyglutamate formation, and finally, folate 
release into bile, As a result of this work, a specific toxic effect of 
alcohol on the hepatic handling of folate can now be demon- 
strated (10). In the normal rat, the intravenous injection of 
either 3 H pteroy [glutamic acid or 14 C methyltetrahydro folic acid 
is followed by a rapid ( uptake of 40 to 50 percent of the isotope 
into liver over a 1 to 3 hour period. Each isotope then follows a 
distinctly different pathway. In the case of 14 C methyltetrahydro- 
folate monoglutamate, there is an almost Immediate excretion of 
the isotope into bile, so that by 8 hours there is little or no residual 
activity present in liver. None of the isotope is incorporated into 
the liver pentaglutamate pool* and the excretion into bile is not 
associated with a change in the character of the folate. In con- 
trast, following the uptake of 3 H pteroylglutamic acid into liver 
tissue, it is rapidly reduced and methylated to form 3 H methyl- 
tetrahydrofolate monoglutamate. As a part of this process, 15 to 
20 percent of the material is also converted to the pentaglutamate 
form of methyltetrahydrofolate. The remainder is then excreted 
into bile, either as methyl- or formyl-tetrahydrofolate mono- 
glutamate, for recirculation through the gut. This then forms a 
characteristic entero hepatic cycle. 

The size and behavior of the enterohepatic cycle in the rat is 
quite significant. As much as 50 percent of a single tracer dose of 
isotope wUl move through the cycle In a 6-hour period. In addi- 
tion, the role of the cycle in determining the serum folate level is 
easily demonstrated. Interruption of bile folate flow by common 
bile duct drainage results in a rapid fall of the serum folate to 
levels of 40 percent of normal within 4 to 8 hours. Thus, the 
enterohepatic cycle provides an excellent potential target for 
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any toxic effect of alcohol on either gut absorption or hepatocyte 
folate metabolism, 

The presence of such a defect has now been demonstrated. 
When the kinetics of the enterohepatic cycle were studied in 
animals maintained on a folate-free diet for 3 days and compared 
to animals on a deficient diet plus alcohol by intragastric instilla- 
tion, isotope uptake by the liver was normal or increased in both 
groups of animals, At the same time, the folate-deprived animals 
demonstrated a reduced incorporation of 3 H pteroylglutamic 
acid into the methyltetrahydrofolate pentaglutamate pool, 
Instead, the folate appeared to be shunted into a latger than nor* 
mal methyltetrahydrofolate monoglutamate pool and into bile, 
These results suggest a normal mechanism in the hepatocyte' for 
' mobilising polyglutamate stores to maintain bile and serum folate 
levels in periods of folate deficiency, 

When folate-deprived animals were treated with alcohol, the 
behavior of the folate isotopes was quite different. Although 
l4 C methyltetrahydrofolate uptake and excretion intef bile were 
not affected, alcohol ingestion resulted in a major shunting on 
3 H pteroylglutamic acid into the pentaglutamate storage pool. 
A major reduction of folate excretion into bile then resulted, and, 
as confirmed by bacteriological assay, there was a concomitant 
decrease iri the total amount of folate flowing through the en- 
terohepatic cycle. These findings are summarized in figure 1. In 
the alcoholic animal, any folate coming to the liver for the purpose 
of reduction and/or methylation will preferentially be shunted 
toward the pentaglutamate pool or maintained within the hepa- 
tocyte as a methyltetrahydrbfolate monoglutamate. The result is 
a reduction in bile folate flow and a drop in the serum folate level. 

The mechanism behind this alcphol effect is still unclear. One 
.possibility is the formation of an abnormal type of folate such as 
ethyltetrahydrofolate, which would be unavailable for normal 
export into bile. A second might be a specific alcohol effect on 
the conjugase system of liver, which would interfere with the 
■mobilization of the pentaglutamate storage pool. However, a 
direct demonstration of reduced levels of carboxy peptidase in 
alcoholic rat liver has not t been possible. An increased use or 
storage requirement for folate by the hepatocyte as a part of the 
alcohol induction of the microsomal enzyme system is another 
possibility. This ^relationship has been suggested as a reason be- 
hind the apparent folate deficiency experienced during diphenyl- 
hydantoin (Dilantin) ingestion. Finally, recent work by Dr. 
Wagner would suggest a direct toxicity df alcohol on the hepato- 
cyte export pathway for folate, \^ 
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Figure 1, Effect of Alcohol on Folate Circulation 




In the alcoholic animal, dietary deprivation of folate and alcohol ingestion 
reduces folate transport across the gut wall. In addition, alcohol interferes 
with the kinetics of liver folate storage and excretion into bile and further 
reduces the normal flow of folate through the enterohepatic cycle. As 
demonstrated by tracer isotope studies, alcohol ingestion results in a shunting 
of folates returning to the liver for reduction and methylation into either a 
pentaglutamate or a methyitetrahydro folate- monoglutamate pool a£ the 
expense of bile folate excretion. This action results in a rapid and significant 
fall in enterohepatic recirculation of folate and the level of serum folate 
available to tissue. 



Our understanding of the relative importance of hepatic folate 
storage and enterohepatic flow is only beginning. The demonstra- 
tion of a toxic effect of alcohol on folate kinetics has been re- 
stricted to the liver and enterohepatic folate cycle, but the poten- 
tial importanhe of such a toxic effect may reach out to all 
peripheral tissues. Many tissues may, in fact, act similarly to the 
hepatocyte in accepting various folate congeners, performing the 
reduction of methylation steps and actively incorporating new 
folate inti pentaglutamate stores. Thus, as methods become 
available, it may be possible to show that alcohol has a universal 
toxic effect on folate utilization, resulting in major disruptions in 
internal folate metabolism at all tissue sites. This possibility is an 
important and exciting area for future investigation, 
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Discussion of Paper by Hillman 



Dr 5 Henderson: What happens to the erythrocyte level of 
folate when the plasma goes down so precipitously? Does it 
drop* also? ^ 

Dr. Hillman; They are very insensitive to all of tfiis, because 
most of what you are looking at is a trapped type of polygluta- 
mate in red cells, which is not going anywhere. It is just sitting 
there, and you have to wait for a whole new population of red 
cells, produced under these adverse conditions, to appear. If you 
do that, you wait for 3, 4. 5 weeks, then the red cell folate level 
goes down, But in terms of the 48-hour to 1-week time, you do 
not see any change in red cell folate, 

Dr. Henderson: Have other tissues been examined in this 
regard? 

'CI* Hillman: That is the problem. For the other tissues, there 
are a lot of methodology requirements, and a lot of hard work 
is needed, 



The Uptake of Folate 
by Isolated Hepatocytes 

Conrad Wagner, Donald W, Home, and William Briggs 



The following report presents some reeen , studies on the uptake 
of folate by isolated hepatocytes and some preliminary data on 
the effect of ethanol on this process. These In vitro experiments 
complement the in vivo studies presented by Dr. Hiliman and are 
particularly appropriate to consider at this time. 

For the past several years, we have been working with the 
isolated hepatocyte system In order to establish it as a model for 
the study of the transport of water-soluble nutrients. This system 
has bef n used to measure the transport kinetics of amino acids (1); 
bile acids (2), and other small molecules (3,4) into the liver cell. 

The major form of folate found in human plasma is (l)-5-methyi- 
H 4 folate. Uptake of this compound, by isolated^ rat hepatb- 
cytes (8) follows the time course shown in the first figure. It % 
shows that the rate of uptake is linear for'at least 10 minutes, arid 
that uptake continues to increase up to 90 minutes. .At this time, 
tissue-to-medium conceritration^ratios axe" greater than 1.0. Othfr 
studies have shown that at ietost 80 percent of the 5-methyi=H 4 
folate taken up i$ unchanged and unbound after this time. The ' 
uptake is saturable with increasing substrate concentration,- is 
competitively inhibited by_analpgs s _and is inhibited by -various^ 
-compounds that interfere With energy production. Examples are 
also shown in figure 1. The presence of 10 mM sodium arsenate 
(an inhibitor of high-energy phosphate formation) and 0.1 mM * 
5-formyl-H 4 folate (a substrate analog) inhibits the uptake of . 
0.25 MM 5-nlethyl-H 4 folate. On the other hand, 10 mM sodium 
azide (an inhibitor of electron transport) stimulates the rate of 

uptake, " 
* Of necessity, uptake measurements of this type represent net 
flux, A stimulation of the net flux by an agent such as sodium 
azide may be explained as an actual inhibitloji of efflux, A similar 
phenomenon was observed "by Goldman, who reported that the 
uptake of methotrexate by L-1,210 cells was stimulated by 
sodium azide; this effect was explained by ari inhibition of 
Tfflux (5). Figure 2 shows that sodium azide inhibits efflux of 
labeled 5-methyl-H 4 folate from the hepatocytes. 
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1. Time Course of 5-Methyl-H 4 Folate Uptake to Isolated 
Hepafcoeytes ' 




20 .40. 

TIME ( Mi N) 



-Labele d 5-m€thf folate and the test cbmpound were added to the cells 
simultaneously at aiero time. The uptake of 0,25 iM 5-methyl-H 4 [G- 3 H] 
folate was measured ©¥fT the next 90 minutes m control eeUs (•) and cells 
with 10 WM sodium aside 10 mM sodium arsenate (o), and 0.1 mM 
5-formyl-H 4 folate (□). f 
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' Figure 2, Inhibition of Efflux of 5-Methyl-H 4 Folate from 

Isolated Hepatocytes h 
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The cells wtre incubated for 15 minutes in the pretence of 1.66 £iM 5-methyl- 
H4 [G^ 3 H] folate and 10 mM sodium a2ide. The cells were wished once in 
5>methyl-H4 folate 9 and azide-free medium at 37 ^ and resuiptnded in fresh 
medium with (•) and without (o) 10 mM azide. 

The effect of ethanol on this uptake process was investigated 
next. These results are shown , in figure 8/ Put A of figure 3 
demonstrates that the in vitro addition of 40 mM ethanol to the 
uptake medium markedly stimulates . the rate of 5-methyl-H 4 
folate uptake. This stimulation is also seen in part B of figure 3. 
In these latter experiments, shown in put B t the hepatocytes 
were isolated from animals that had received 4 gm/kg of ethanol 
1 hour prior to sacrifice. The isolated hepatocytes\were then 
incubated with and without 40 mM ethanol. There is no, differ- 
ence in theVate of uptake of the substrate by either the coni^lg 
of parts A and B or by the ethanol-stimulated cells of parts A 
and B* This finding indicates that, although the in vitro presence 
of ethanol enhances the rate of B-methyl-H4 folate uptake, prior 
acute administration of ethanol does not, a 
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Figure 8, Effect of Alcohol on Uptake of 5-CH 3 -H 4 PteGlu 




A Male rats weighing approximately 200 g were used for isolation of hepa- 
tocytes. The resulting cells were incubated in the absence (•) ©r practice 
(O) of 40 mM ethanol, and the uptake of 0,25 jiM 5-methyl-H 4 [G^MJ 
folate was measured* 

1 The uptake was the same as for A» except that the hepatooytes were 
isolated from animals which had received 4 g/kg of ethanol by itomach 
tube 1 hour before sacrifice. 



It should be noted that stimulation of uptake by ethanol ii not 
jmmediaiely apparent. The effect of ethanol is apparent after 
20^mu^s^a -1^ greates t after 40 minutes. Thus, a metabolite 
of ethanol may be responsible for the stimulated uptake, In other 
experiments, the substitution of 40 mM acetaldehyde for ethanoi 
in the in vitro experiments did not result in any stimulation* 

The increased rate of uptake in the presence of ethanol ii rem- 
iniscent of the effect of sodium azide (figure 1), We therefore 
.sought io determine if ethanol inhibited efflux. The results of 
one such experiment are shown in figure 4, There is a mall but 
measurable inhibition of efflux by ethanol. This effect is not 
always seen and the results are variable, which may be due to the 
fact that the maximum effect of ethanol on uptake is observed 
after 40 minutes incubation, When efflux is measured, most of 
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'Hepatocytes were incubated for 45 minutes in the presence of 0 ,25 juM 
5-methyi-H4 [G*5H] -folate, The cells were washed once with 5-methyl-H 4 
folati'frei buffer at 37 5 and then incubated in the presence (q) or absence 
(©) of 40 mM ethanol. ' \ ■ 



. the preloaded substrate has left the cell by 40 minutes, and small 
differences would not be observed, 

These studies have shown that there is a saturable, energy- 
dependent uptake system for (IH-methyI=H 4 folate in the isolated 
rat hepatoeyte. Uptake is stimulated by sodium azide'and ethanol, 
The stimulation by azide can be explained by a primary inhibition 
of the efflux system, The stimulation by ethanol may all© be due 
to an inhibition of efflux, but this effect is variable. 

These results show that efflux of 5-methyl-H 4 folate ii not 
simply a reversal of influx and may be linked to different processes 
in the cell. These in vitro studies also tend to support those of 
Hillman on the in vivo effects of ethanol administration on the 
disappearance of folate from the plasma. 
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. Discussion of Paper by Wagner et al. 

Br* Lieber: I wonder whether I may have some additional in- 
formation concerning that remark you made that acetaldehyde 
did not reproduce the effect. Could you tell us what level of 
acetaldahydf was used? What was the measurement of the acetal- 
dehyde in vitro and how did you actually perform that experiment? 

Dr, Wagner: The uptake experiments were carried out with 
40 mmol ethanol, Instead of using 40 mmol ethanol, we used 
40 mmol acetaldehyde, 

I5r * Lieber: Now 40 mmol acetaldehyde is, of course, a huge 
amount. 

Dr. Wagner: Yet, it is, but we saw no effect. 

Dr. Lieber: I do not know what it actually would mean, except 
that if you add 40-mmol acetaldehyde and do not block its con- 
version to ethanol with pyrazole, you actually should have the 
^ethanol effect* because most of the acetaldehyde is going to be 
converted to ethanol, 

Let me just point out two major pitfalls of acetaldehyde experi- 
ment, This comment pertains both to what we heard today and 
also what we heard in terms of the effects of acetaldehyde on 
protein synthesis. If one adds acetfddthydef irfvitro, there are two 
major pitfalls. One, it is rapidly converted to ethanol unless one 
blocks that conversion, and, therefore, if one is interested in the 
effects of acetaldehyde, one should always be careful to block its 
conversion back to ethanol* And second, even if one does that, 
the capacity for the cell to metabolize acetaldehyde is such .that 
the level very rapidly falls to almost zero. So it is very important 
to keep giving acetaldehyde, infusing it continuously or adding it 
continuously, and monitoring the levels. Otherwise one may well 
tee no effect because there is no acetaldehyde left within a 
matter of minutes, So these are two important pitfalls that 
one should probably be aware of if one performs experiments 
with acetaldehyde. 



Intestinal Thiamine Absorption: 

Normal Characteristics and 
Effects of Ethanol 

Anastacio M. Hoyumpa, Jr, 
Abstract 

Thiamine deficiency is a common feature of chronic alcoholism 
in humans and may lead to impaired neurological and cardiovas- 
cular functions, To understand the pathogenesis of thiamine de- 
ficiency in chronic alcoholism, the normal characteristics of intes- 
tinal thiamine transport were studied in rats, and the effect of 
ethanol was determined, Results indicate the presence of a dual 
system of intestinal thiamine transport in rats, At low thiamine 
concentrations (< 1,0 /iM) 5 transport' is a saturable, carrier- 
mediated, sodium-dependent active process; at higher concentra- 
tions (>1.0 £iM), transport is a passive process. Ethanol impairs the 
active, but not the passive, component of thiamine transport by 
blocking the exit of the vitamin from the cells. Thiamine entry into 
the cells is not affected by ethanol, Further, there is evidence suggest- 
ing that ethanol impedes thiamine transport across the serosal 
membrane byrnhibitmg Na-K ATPase activity in the basolateral 
membrane. Additional studies are needed, however, to confirm 
whether active thiamine transport is truly dependent on Na-K 
ATPase activity. 



Chronic alcoholism is frequently associated with thiamine de- 
ficiency. Poor intake of the vitamin is perhaps the main cause 
(1,2), but decreased activation of thiamine to thiamine pyro- 
phosphate (3) and reduced hepatic storage of thiamine in patients 
with alcoholic fatty liver (4) may be important alio. Moreover, 
there is evidence in animals to suggest that other nutritional dis- 
orders, such as folate (5,6) or pyridoxlne deficiency (7), may con- 
tribute to decreased thiamine absorption, Finally, alcohol may 
impair the intestinal absorption of thiamine (8,9), Because of the 
last consideration, studies were conducted to determine the char- 
acteristics of normal intestinal transport of thiamine in rats and, 
subsequently, to determine the effect of ethanol. 
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Methods 

Thiamine transport was measured both in vivo and in vitro in 
rats. First, using isolated, weU-vascularized intestinal loops, in vivo, 
the rate of disappearance of 35 S-thiamine hydrochloride from the 
intestinal lumen was measured by determining the difference be= 
tween the quantify of thiamine introduced into the loop and the 
amount recovered from the lumen and wall of the intestinal seg- 
ment after absorption was allowed to proceed for a period of time* 
Second, measurements of net transmural flux of 14 C»thiamine 
hydrochloride were obtained in vitro, using everted intestinal seg- 
ments. (10), Movement across a concentration gradient was deemed 
present when the serosaMo-mueosai concentration ratio became 
significantly greater than the initial ratio of 1* Third, to further 
characterize normal thiamine transport, unidirectional tissue up- 
take of 14 C-thiamine hydrochloride across the brush border 
membrane was measured, using 3 H«Dextran as a nonabsorbable 
marker of adherent mucosal volume (11). The technique was also 
adapted to determine the transfer of thiamine from the tissue to 
the serosal compartment (12) 4 Uptake into the tissue, as well as 
movement from the tissue to the serosal fluid, was shown to be 
linear with time up to 5 minutes and with dry tissue weight (12). 
Finally, unidirectional uptake and net transmural flux were meas- 
ured, in vitro, under short-circuit eonditidns (13,14). 



Characteristics of 
Normal Intestinal Thiamine Transport 

Data obtained from in vivo studies showed that at low concen- 
trations of thiamine, ranging from 0*08 to 1.5 tM, absorption 
from all segments of the small intestine was a saturable process, 
with the rate being greatest in the duodenum and least in the 
ileum (15). In contrast, the rate of absorption in the duodenum/ 
jejunum, and ileum increased in linear fashion as the lumenal thi- 
amine concentration rose from 2 to 660 ^M. 

These findings were confirmed and extended by in vitro studies 
(15). Examination of net transmural flux revealed movement of 
0 2 juM against a concentration gradient so that the serosal-to- 
mucosal ratio increased to 1.6; for 20 iiM thiamine, the ratio re- 
mained 1.0. The difference was sij^uficant. Moreover, inhibitors 
such as pyrithiamine, dinitrophertol, N-ethyl maleimide, and 
ouabain reduced the serosal /mucosal ratio to 64, 70, 72, and 86 
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A perctent of normal, These inhibitors did not affect the ne* flux of 
20 /iM thiamine, 

The unidirectional jejunal uptake of low concentrations of thi- 
amine was found to be saturable (figure 1A), consistent with the 
earlier in vivo results, Pyrithiamine, a structural analog of thiamine, 
exhibited competitive inhibition on the jejunal uptake of low con- 
centrations of thiamine. In contrast, pyrithiamine did not in- 
fluence the uptake of high thiamine concentrations that were non- 
saturable (figure IB). In addition, uptake of low concentrations of 
thiamine was significantly reduced in the presence of anoxia* tew 
temperature, and replacement of sodium ion with equimolar qian* 
nitol. These conditions had little or no adverse, effects on the up- 
take of high concentrations of thiamine. * 

In recent years, the water layer adjacent to the lipid membrane 
of the brush border microvilli has come to be recognized as an 
important determinant of the kinetics of transport (16), Stirring 
serves to reduce the thickness of the aqueous barrier and thereby 
facilitates transport of solutes (16). The effect of mechanical 
stirring of the incubation media at 900 rpm was therefore ex- 
amined in relation to thiamine transport. Stirring reduced the km 
of thia mine from 0,634 /uM to 0,374 /uM, but Kmax was not af- 
fected and the permeability constant, P, remained unchanged. 

Studies with electrical short-circuiting maneuvers indicate that 
thiamine at low (but not high) concentrations can be transported 
against an electrical gradient (15). 

Taken together, these findings suggest the existence of a dual 
system of thiamine transport across the rat small intestine, At low 
thiamine concentrations (< 1.0 aiM), transport is a saturable, 
carrier-mediated, sodium-dependent active process that proceeds 
against an electrochemical gradient and is affected by changes in 
the thickness of the water layer brought about by stirring. In con* 
farast, at high concentrations (> 1,0 /iM), transport is predom- 
inantly a passive process, unaffected by structural analogs, meta- 
bolic inhibitors, or Stirling. A similar dual system of intestinal 
transport has now been shown for folates (17) and vitamin A (18). 

Effect of Ethanol 

Acute Ethanol Studies, The intragastric or intravenous admin- 
istration of ethanol in sirfgle doses, 50 to 750 mg (but not 25 pig/ 
100 g body weight), produced in 1 hour a significant reduction 
(average 38 percent) in the absorption of 0.5 /iM thiamine from in 
vivo duodenal loop (figure 2A) (12), Once attained, the degree of 
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inhibition was riot dependent on the ethanol dose, and it was re- 
versible within 24 hours. The smaller the dose given, the quicker 
was recovery (12), This ability of ethanol to inhibit the absorption 
pf low concentrations of thiamine appeared to be specific, inas- 
much as an equal volume of saline or isocdoric amounts of glucose 
did not influence thiamine absorption. Neithef was the effect re- 
lated to the osmotic action of ethanol. In contrast, the absorption 
of high concentrations of thiamine, 17,5 and 35 /iM, was not af- 
fected by the intragastric administration of ethanol 750 mg/100 g 
body weight (figure 2B), Similarly s the net flux of low thiamine 
concentration (0.2 juM), but not of high concentrations (20 (jlM) % 
was inhibited by 2,5-percent ethanol placed in the. mucosal and 
serosal compartments (figure 3), 

To determine the possible site of ethanol action, the effect of 
ethanol on thiamine tissue uptake and subsequent transfer from 
the tissue to^ the serosal compartment (thiamine exit) was meas- 
ured. Tissue uptake of low concentrations of thiamine (0.2 and 

Figure 3, Effect of Alcohol on Nit Flux of Low and High Con- 
centrations of Thiamine 
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Alcohol reduced the net flux of low (0.2 lM) (pane! A) but not of high (20 
fjM) (panel B) concentration of thiamine, Reproduced from reference (12) 
with publisher's permission. Copyright 1975 by C. V, Mosby Co. 
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Figure 4, Similarity Between Ethanol (I) ami Ouabain (II) Effect 
on Thiamine Transport 




THIAMINE CONCENTRATION THYMINE CONC£NTRATK)N 

Both agents allowed uptake of thiamine across the brush border membrane 
to proceed normally, but they Inhibited thiamine cellular exit across the sero* 
sal membrane, Reproduced from reference (12) with publisher^ permission, 
Copyright 1975 by C. V, Mosby Co, 

■ * * 

OS uM) was not affected at all by intragastric administration 
of ethanol 750 mg/iOQ g bo^y weight (figure 4, FA), In contrast, 
ethanoL significantly reduced the serosal exit of the same concen- 
trations* of thiamine (figure 4, IB), As did ethanol, ouabain nl- 
*!owed tissue uptake of thiamine across the brush border mem- 
brane to proceed normally (figure 4, HA) f but it blocked the exit 
of the vitattln across the serosal membrane (figure 4, IIB). Neither 
ethanol nor ouabain affected the uptake or exit of high concent 
taations of thiamine. Ouabain is a known inhibitor of Na-K 
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ATPase, which is believed to play an important role in active trans* 
^ port, so these results suggest that ethanol may impair thiamine 
i * serosal transport by inhibiting Na-K ATPase activity in the baso- * 
lateral membrane of the intestinal epWheliai cells. 

The effect pf ethanol on basotater^membtiine Nf«K ATPase ac- 
tivity was; therefore directly assessed and correlated with serosal 
'* thiamine transport (19), When 0,5 M ethanol was directly added 
* to the riiembrane preparation, Na=K ATFaae activity tfas jeduced 
by 59 percent. Ethanol 0,1, 0,2, 0,3, 0.5,\o.7, and 1.0 M added in 
vitro reduced Na-K ATPase to 94, 78*, 5p s 41*, 28*, and 17* 
percent of control value (*p < .001), respectively. In addition, 1 
hour after the intragastric administration of ethanol 50, 100, 250, , 
I % 500, and 7S0 mg/100 g body weight in vivo ^a-K ATBrife activity , : 
• : declined -to 4 73*,* 52*, 62*, 62*, and 48* percent of control value 
(*p < .01). Thfe same in vivo doses of ethanordecreafed thiamine 
serosal transport to 82, 48*, 50*, and- 51* percent of control 
(*p < .05), respectively. The plasma ethanol ^concentration ca- 
' pable of inhibiting Na-K ATPase and thiamine transport was at ' 
least 60 to 70 mg/100 ml. These data clearly show an association 
between ethanol inhibition of basolateral membrane Na-K ATPase 
,.' and decreased thiamine serosal transport, but determining whether 
this association is one of cause and effect requires further study. 

Chromic Ethanol Studies, So far, the data cited have been ob- 
tained after single acute doses of ethanol were given to normal 
.: . mts. The relevance of these observations, however, to^the patho- 
.V genesis of 'thiamine deficiency in chronic human alcoholism is 
- uncertain. Therefore, the effect of chronic ethanol administration 
; % on thiamine transport was studied (20>. Eats were fed an ethanol- 
containing liquid diet as described by DeCarli and Lieber (21), 
Control animals were fed a similar mixture, except that ethanqj 
was replaced by isocaloric amounts of dextrimmaltQse, One liter 
of/each -mixture contained 0.725 mg of thiamine. After 6 to 8 . 
H , wefeks, thiamine tissue uptake and serosal exit were measured and 
• - correlated with basolateral membrane Na-K ATPase activity J Results 
showed that chronic ethanol feeding did not alter the fate of thi- 
amine uptake or exit, and Na-K ATPase activity remained normal 
(20). Furthermore, the thiamine pyrophosphate content of the 
liver, heart, brain, and jejunum' of rats fed the DeCarli-Lieber,diet 
for as long as 4 months was normal (20). It was noted, however, 
that at the time of the transport and Na=K ATPase measurements, 
the ethanol concentrations, in the plasma and intestinal lumen 
■i were only 40.2 ± 19.4 ( n / , 16) mg/100 ml, and 39*3 ± 15.3 (n =» 
14) mg/100 ml, respectively. From serial measurements of tail 
U. vein blood, it was found _that there was considerable fluctuation in 1 
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ethanol plasma concentrations throughout the data, reflecting 
the nocturnal feeding habit of the animals. High ethanol levels 
considered legally inebriating in humans were noted toward mid- 
night, whereas low levels were found toward noon when the trans* 
port and Na-K ATPase measurements were obtained, 

Some alcoholics are known to consume more alcohol at certain 
times than at others. To simulate this clinical condition and to in- 
crease ethanol concentrations to levels attained at night, rats fed 
the ethanol diet for 6 to 8 weeks were given an additional single 
dose of ethanol 250 mg/100 g body weight. One hour later, thi- 
amine transport and Na-K ATPase activity were measured. There 
was a 56-percent and a 44-percent decrease in serosal transport 
of 0.2 and 0,5 jLtM thiamine with a corresponding 68-percent fall 
in baso lateral membrane Na-K ATPase activity (19), The ethanol 
concentrations in the plasma and gut lumen were 185 and 818 
mg/100 ml, respectively. Tissue uptake of thiamine remained 
normal, . 

The difference between the normal thiamine transport /and 
Na-K ATPase activity following chronic ethanol administration on 
one' hand, and the inhibition of thiamine transport and Na-K 
ATPase activity after the additional dose of ethanol on the other* 
hand, may lie', at least partly, in the difference in ethanol plasma 
concentrations at the time of the transport and enzyme measure- 
ments. It should also be noted that these studies only measured 
thiamine transport rate across a segment of the jejunum during a 
very brief period of the day. They were not designed to evaluate 
overall absorption of thiamine from the entire gastrointestinal 
tract. Such a study was done by Balaghi arid Neal (personal com- 
munication), - Rats were given 10-percent -alcohol as the only 
source of drinking liquid for 8 weeks, and the excretion of thi- 
amine in the feces and urine was measured, These investigators 
noted increased fecal excretion of thiamine and decreased urinary 
excretion of thiamine, consistent with malabsorption of .the 'vi- 
tamin; yet, as we did, they found the tissue thiamine content to be 
normal \ 

\ 
\ 

\ • 
Conclusions 

. Based on studies in rats, intestinal thiamine transport is clearly 
governed by a dual system: active for low or physiological concen- 
trations and passive for high pharmacological concentrations, Eth- 
aftol- inhibits the active, but not the passive, component of thi- 
amine transport. Uptake or transport across the brush - border 
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proceeds normally in the presence of ethanol, but thiamine exit or 
transport across the serosal membrane is blocked and is associated 
with inhibition of Na-K ATPase activity, We did not study the 
mechanism, by which ethanol reduces Na-K ATPase activity, but it 
is under active investigation by others, Available data suggest that 
ethanol rrfay adversely affect Na-K ATPase activity by altering the 
microenvironment of this membrane-bound enzyme (22). The 
parallel reduction in thiamine serosal transport and Na-K ATPase 
activity supports the hypothesis that ethanol impedes thiamine 
transport by inhibiting Na-K ATPase, Hovg^er, to establish that 
Na-K ATPase truly modulates thiamine transport, it will be neces- 
sary to show that increasing Na-K ATPase activity also enhances 
thiamine serosal transport. The observation that vasopressin 
treatment increases both Na-K ATPase and intestinal thiamine ab- 
sorption in chicks (28) is an important bit of supportive evidence, 
although it is not known from that study which transport step is 
affected, 

In chronic ethanol administration, inhibition is dependerTTmore 
on the ethanol concentration than on the duration of exposure to 
ethanol. This animal model may t*e intermittent, with normal 
transport taking place when the ethanol is low and noninhlbitory , 
Under~such circumstances, thiamine content in various tissues may 
be maintained at normal levels for at least 4 months, as seen in our 
study. However, when high ethanol concentrations are reached, 
malabsorption may predominate, Any intermittent malabsorption 
may become more significant if associated with marginal thiamine 
intake, as is often the case with alcoholic patients, 

Future Areas of Study 

From these Studies, it is apparent that multiple steps are in- 
volved in thiamine intestinal transport, However, we have investi- 
gated only some aspects of the entry and exit steps, Other aspects 
of thiamine transport, which have not been discussed here, require 
further investigation. These should include the characterization of 
thiamine-binding protein as a possible important component of 
thiamine uptake, the study of thiamine phosphorylation and de- 
phosghorylation as intracellular events that may be affected by 
alcohol, the investigation of the possible role of cyclic AMP, and 
the manipulation of Na-K ATPase activity to determine if it truly 
modulates thiamine serosal transport, 
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Discussion of Paper by Hoyumpa 



Dr. Halsted: Your group, has previously' shown that rats made 
folate-deficient have poor thiamine transport. Have you looked at 
hasolateral ATPase activity with folate deficiency? **™^ 

Dr. Hoyumpa: Yes, we are currently setting up the study. We 
have done some preliminary studies, and unfortunately I am not 
prepared to^give you the results yet. 
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Effect of Ethanol on 
Vitamin B 8 Metabolism 

Lawrence Lumeng 

My assignment is to discuss the problem of vitamin B 6 defi- 
ciency in chronic alcohol abuse and to review the present knowl» 
edge of the nature of this abnormality. In the alcoholic patient, 
two factors are important in facilitating the early development of 
a primary vitamin B 6 deficiency. One is that alcoholic beverages 
contain negligible amounts of this vitamin (1,2), even though 
ethanol contributes substantially to total caloric intake (3). The 
other is that, based on recent dietary record analyses, a high 
percentage of healthy Americans actually ingest less vitamin Bg 
than the recommended dietary allowance (4). Moreover, as will 
be discussed, chronic alcohol abuse also produces impairment in^ 
the metabolism of vitamin B 6 , thus leading Ho an increased re- 
quirement. In the face of an already marginal intake, these condi- 
tioning factors can become crucial determinants. 

It is unfortunate that, in the clinical evaluation of vitamin B 6 
deficiency, the findings tend to be nonspecific and to occur only 
when the deficiency is already severe. The most specific is probably 
sideroblastic anemia, reversible by vitamin B 6 administration (5), 
The incidence of this finding in chronic alcoholics has been 
estimated to be 20 to 30 percent, However, even the development 
of this abnormality is probably the end result of multiple factors 
(6,7,8,9). Therefore, the clinical evaluation of vitamin B g defi« 
ciency in the alcoholic is imprecise and insensitive, and more 
accurate assessment must rely on the measurement of either the 
functional integrity of vitamin B 6 -dependent patKways or of the 
content of the vitamin in tissues and body fluids. 

Recent studies indicate that measurement of the concentration 
of vitamin Bg compounds in plasma is the most reliable indicator 
of the state of vitamin B 6 nutrition (10,11,12). The predominant 
form of the vitamin B 6 compounds in plasma Is pyridoxal phos- 
phate, PLP (13). As we have reported, it is derived almost entirely 
from hepatic synthesis and behaves as a relatively stable, albeit 
small, circulating storage pool of the vitamin B 6 compounds in 
the body (14). It is firmly bound to albumin and its concentra- 
tion correlates with a high degree of certainty with the intake of 
% vitamin B 6 in normal animals (12), including humans (15). 
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Figure 1 shows the results of a study in which weanling rats 
were fed diets containing 0 to 100 fig pyridoxine daily for 9 weeks. 
Growth curve analysis indicated that 24 jug/day is the optimal 
intake for these animals. Plasma PLP content increased as a func- 
tion of dietary intake of vitamin B 6 , over the entire range examined. 
In tissues, PLP and pyridoxamine-P (PMP) are the stable storage 
forms of the vitamin (13), Skeletal muscle, by virtue of its total 
mass, is by far the largest tissue storage depot (16). As is apparent* 
plasma PLP concentration exhibits a very high degree of correla- 
tion with muscle PLP content. Accordingly, the measurement of 
plasma PLP should represent a reliable and sensitive indicator of 
the state of vitamin B 6 nutrition. Its concentration reflects not 
only the degree of undernutrition, but also of storage. On the 
other hand, PLP in brain and in liver has already reached satu- 
rating levels with relatively low amounts of pyridoxine intake, 
4 and 12 jug/day, respectively. These results demonstrate that the 
measurement of plasma PLP is a reliable and sensitive indicator of 
the state of vitamin B 6 nutrition, because its concentration re- 
flects not only the degree of undernutrition but also the degree of 
storage. The postulated interrelationship of PLP in plasma to, that 
in other tissues and organs and the role of protein binding in the 
body economy of this coenzyme are depicted in figure 2, 



Figure 1. Pyridoxine Intake Mg/d 
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Varying pyridoxine intake affects the PLP' content of plasma, muscle, liver, , 
and brain from rats, 



ETHANOL EFFECT ON B H METABOLISM 



253 



Figure 2, Postulated Interrelationships of the Vitamin B 6 
Compounds in Various Body Compartments 




^Storage 

Pyridoxins (PN) and pyridoxal (PL) are presented to the liver via the portal 
circulation. Binding of PLP and PMP by extracellular and intracellular 
proteins (Pr) protects these coenzymes against hydrolysis, The principal 
PLP-binding protein in plasma is albumin and, in skeletal muscle, glycogen 
phosphorylase. Phosphorylase, alanine aminotransferase, and aspartate 
aminotransferase are major PLP*binding proteins in liver. In plasma, PLP is 
the major vitamer; PMP is only a minor component. 



Baker and coworkers (17) were among the first to examine the 
'problem of vitamin B 6 deficiency in alcoholics by blood concen- 
tration measurements, They studied 172 hospitalized alcoholics 
and correlated the circulating concentration of a number of 
vitamins with the degree of liver disease. Abnormally lowered 
serum folic acid was the most prevalent, followed by Bg and then 
B 1 * "'For these studies, total B 6 content of serum was measured 
by protozoan, assay, The incidence of low serum B 6 was almost 
40 percent in patients with alcoholic cirrhosis , s 30 percent in those 
with fatty liver, and about 20 percent in those with normal liver 
histology. 

Since that time, a number of studies with more precise methods 
have firmly established that a high percentage of chronic alcoholics 



204 



254 



LUMENG 



with or without liver disease exhibit abnormally lowered plasma 
PLP levels (9,18,19,20,21,22), Figure 3 shows the results of a 
study from our laboratory, designed specifically to examine the 
incidence of vitamin B 6 abnormality in acknowledged alcoholics 
who were free of liver disease (20). The plasma PLP content of 6§ 
such subjects was compared with that of 94 control subjects. As 
shown by the lower regression line, the mean plasma PLP concen- 
tration of the alcoholic population was significantly lower than 
that of the control group, the upper regression line, This rela- 
tionship held true for all the age groups examined, even though 
plasma PLP in healthy individuals normally declines with age, 
Thirty-five of the 66 alcoholic subjects exhibited PLP values 



e 3, Plasma PLP Concentration of Alcoholic and Nonal- 
coholic Men* Plotted as a Function of Age 
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.below 5 ng/ml, which, in our laboratory, is the low limit of normal. 
Thus, depending on the population surveyed, the incidence of 
abnormally lowered plasma PLP in alcoholic subjects may be as 
high as 50 percent, even when they are devoid of liver disease. 
This finding has been confirmed by Davis and Smith (21), How- 
ever, in agreement with the studies of Baker and coworkers (17) 
these investigators have shown that the incidence of low plasma 
PLP in alcoholics with liver disease is higher, and may be as high 
m 80 to 100 percent. 

Because decreased serum PLP levels tend to occur more fre- 
quently in the setting of prolonged alcohol abuse and to associate 
with other manifestations of malnutrition, it is probable that 
inadequate dietary intake of vitamin B 6 is a major cause of this 
abnormality. However, there is now good evidence that alcohol 
oxidation itself, and also liver disease, can profoundly alter the 
, metabolism of vitamin B 6 and PLP and, thus, can contribute to 
the development of a deficiency state. 

In 1970, Hines and Cowan observed that the net conversion of 
pyndoxine to PLP is impaired in drinking alcoholic subjects (7). 
Although the effect of liver disease was not ruled out in this study, 
the findings suggested that alcohol itself (or its oxidation) may 
directly interfere with the metabolism of vitamin B 6 . Figure 4 
shows the principal pathways of PLP synthesis and degradation 
m mammalian tissues. Synthesis of PLP from pyridoxal is cata^ 
lyzed by pyridoxal kinase, PLP synthesis from pyndoxine is 
dependent on both pyridoxal kinase and pyridoxine-P oxidase 
activities, PyritJoxamine-P is synthesized from pyridoxamine, 
catalyzed by pyridoxal kinase. The conversion of PMP to PLP is 
dependent on pyridoxine=P oxidase and various aminotransferases. 
The degradation of PLP is mediated by alkaline phosphatase. In 
the liver, pyridoxal can be further oxidized to form pyridoxic 
acid, catalyzed by aldehyde oxidase. 

In order to study the effect of ethanol itself or its oxidation on 
the metabolism of vitamin B 6 , we began investigation first with 
human red blood cells. Erythrocytes possess the full complement 
of enzymes for the synthesis of PLP, as well as for its degradation 
to pyridoxal (20), In the red cell, pyridoxic acid is not the end 
product of PLP degradation. Hence, with this exception, the en- 
tire metabolic pathway for vitamin B 6 metabolism can be studied 
in erythrocytes. Moreover, because erythrocytes do not metabo- 
lize ethanol, the effects of ethanol and its oxidation product, 
acetaldehyde, car! be examined separately. 

As shown in figure 5, the intact, erythrocyte, when incubated 
with pyridoxine for 2 hours, accumulates substantial quantities of 
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Figure 4, Known Pathways for the Synthesis and Degradation of 
PLP in Mammalian Tissues 
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PLP The time course is nonlinear, because, concurrent with syn- 
thesis/there is also degradation of PLP, catalyzed by a membnm- 
bound phosphatase. Ethanol. in concentrations as high as 70 mM, 
did not affect the net formation of PLP at aU. However as shown 
here acetaldehyde, in concentrations as low as 0,05 mM, signiti- 
Sy lowered the accumulation of PLP in the erythrocyte. 
Similar results were obtained when pyridoxal or pyndoxine-P was 

th< Thfe5!X of acetaldehyde can be due either to inhibition of 
PLP synthesis or to accelerated degradation. In order to separate 
these events, the experiment was repeated with hemolyzed eryth- 
rocytes. Because the phosphatase which breaks down PLP_is 
bound to the erythrocyte cell membrane, it can be removed by 
centrifugation. PLP synthesis can then be examined, m the 
nfmolySe supernatant, unhampered by degradation. As shown 
in fig^e 6, the synthesis of PLP from pyridoxal was not 
aceSdehyde. Similar results were obtained with other substrates- 
for exai^le. pyridoxin e .P-and also with mtect cells, when 
p^sphati aeSvity was inhibited by 80 mM Pi These result, 
, indicate that acetaldehyde does not inhibit PLP synthesis. , 
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Figure 5, The Effect of Acetaldehyde (Acd) on the Net Synthesis 
of PLP from Pyridoxine (Pol) by Human Erythrocytes 
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We therefore arrived at the hypothesis that acetaldehyde 
mediates the derangement in vitamin B 6 metabolism associated 
with ethanoi abuse by accelerating the degradation of PLP, How- 
ever, because the liver is the principal organ responsible for the 
oxidation of ethanoi, -as well as for the synthesis of PLP from 
dietary precursors, validation of the hypothesis requires that the 
effect of acetaldehyde be demonstrable in that tissue, It must 
also be demonstrated that the effect is independent of the nutri- 
tional status of vitamin B 6 and that it can be blocked when 
, ethanoi oxidation by the liver is inhibited. Moreover, the effect 
should be observed both chronically, and acutely. 

To test the above hypothesis, experiments were then performed 
on rats, . One group was fed a liquid diet containing an excess of 
vitamin B 6 , and another, a diet deficient in vitamin B 6 , In each 
group, the experimental animals received 86 percent of their 
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Figure 6, The Effect of Acetaldehyde (Acd) on the Net Forma- 
tion of PLP by the Supernatant Fraction of Hemolyzed 
Human 'Erythrocytes 
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calories as alcohol, while the control animals were pair-fed diets 
with ethanol isocalorically replaced by dextrin-maltose (figure 7). 
After 45 days, all animals were sacrificed and liver PLP content 
was measured, The experimental, alcohol-fed animals in . both 
groups exhibited significantly lower liver PLP levels than their 
corresponding controls, Therefore, chronic alcohol ingestion 
lowered liver PLP content, irrespective of whether the diet was 
sufficient or deficient in vitamin B 6 , 

As indicated, the effect of ethanol oxidation should also be 
demonstrable acutely, This factor was examined with the use of 
isolated perfused liver. Figure 8 shows the effect of perfusing 
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Figure 7, The Effect of Chronic Ethanol Ingestion on the Hepatic 
PLP Content of Pair-Fed Rata 




a, g_ 



3, 



Animals fed the vitamin B G sufficient diet consumed 60 £ °' gg?pS 
daily The vitamin B 6 -d«ficient diet contained no pyridoxin. The lre« PLP 
co JL„t of the vitamin B r suffieient rats was measured after 52 days and 
thaWor the vitamin B 6 =defieient group, after 42 days. 



livers isolated frojn vitamin B 6 -sufficient animals with ethanol. In 
the absence of ethanol. Utile or no change in liver PLP content 
occurs during 8 hours of perfusion. By contrast, perfusion with 
18 mM ethanol lowered liver PLP in almost every instance. As 
shown by the bar graph on the right in figure 8. the mean decreasi in 
liver PLP content produced by ethanol was more than 3 ne/200 mg 
protein. Interestingly, other laboratories have reported that the 
administration of ethanol to rats increases the urinary excretion 
of nonphosphbrylated vitamin B e compounds (23) and that the 
perfusion of rat livers with ethanol increases the release of non- 
phosphorylated vitamin B 8 compounds into the perfusate (24), 
The findings here presented are consistent with and provide an 
explanation for these observations. 



3 




Pigure S, The Effect of Ethanol (18 mM) on the Hepatic PLP 
- v ^ Content of Isolated Perfused Livers from Vitamin Bg- 

Sufficient Rats 
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Perfusions were performed without added pyridoxine. The PLP contents of 
livers perfused without (o-o) and with ethanol (•-•) were measured at the 
beginning and at the end of the perfusion, The bar graph compares the mean 
. (tSD) changes in hepatic PLP content for the two groups, * 



A deleterious effect of alcohol oh PLP metabolism could also 
be demonstrated in perfused livers isolated from vitamin B 6 - 
deficient rats. Because the animals are B 6 -deficient, it is experi- 
mentally more convenient to measure PLP formation by the liver 
in the presence of a Vitamin precursor, As shown in figure 9, per- 
fusion^ with 1,2 mg percent pyridoxine increased liver PLP content 
by more than 4 fig/200 mg protein in 2 hours. The inclusion of 
18 mM ethanol in the perfusate significantly reduced liver PLP 
accumulation, The effect of 4-methylpyrazole was then examined, 
<This compound is a potent inhibitor of alcohol dehydrogenase 
, and prevents the oxidation of ethanol to acetaldehyde. It had no. 
effect on PLP formation in the control situation. However, it 
completely abolished the effect of ethanol. Therefore/ when 
alcohol oxidation is inhibited, PLP metabolism is restored to 
normal/ These data substantiate the results shown earlier with 
the human erythrocytes and indicate that it is acetaldehyde, not 
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Figure 9, The Effect of fethanoi (18 mM) in the Absence 
and Presence of 4-Methylpyrazole on the Hepatic 
PLP Content of Isolated Perfused Livers from 
\ Vitamin B 6 -Deficient Rata 




Thi livers were perfused with 1,2 frig ©f pykdoxine added to 100 ml 
©f medium. The mean (^SD) changes in hepatic PLP contents are 
shown. 



ethanbl, that mediates the deleterious action of ethanol oxidation 
on PLP metabolism. 

As indicated previously, the action of acetaldehyde appeared to' 
be ©he of stimulation of PLP degradation and not of inhibition o^ 
synthesis. How this might occur has recently been elucidated, 
The enzyme principally responsible for PLP, degradation is the 
plasma membrane-bound alkaline phosphatase \(25). Studies wi^h 
this enzyme showed that acetaldehyde does not increase its specific 
activity. Thus it appeared that the stimulatory effect of acetalde- 
hyde must, be to increase the availability of PLP for hydrolysis by 
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alkaline phosphatase. Most of the PLP in liver cytosol is tightly 
bound to proteins (27). However, a small but significant amount 
of it is either free or loosely bound, as this portion can be removed 
by dialysis or gel filtration. Whether or not PLP is protein bound, 
and how it is bound, freatly affects its susceptibility to hydrolytic 
cleavage. As shown in figure 10, PLP existing freely in solution is 
rapidly hydrolyzed by alkaline phosphatase, present in the liver 
plasma membranes. In contrast, PLP that Is tightly bound to 
eytosolic proteins and that Is not removed by dialysis is almost not 
hydrolyzed at all. Therefore, protein-binding of PLP protects it 
against degradation. Moreover, a considerable degree -of protection 

Figure 10. The Effect of Dialysis and Plasma Membrane-Associated 
Phosphatase on the PLP Content of Hepatic Cytosol 




TIME (min) 

-m* Wafibation mixture contained 50 mM TKA-HC1 ( P H 7.4), B i mM MgCl 2 , 
and where indicated, 0.72 mg eyteaolie protein, and/or 0.23 mg plasma 
memtaanTprotein. The concentration of PLP in the presence of und.alyzed 
SEkHT tadicatid by the open Wangle The level pf FLP does dot 
change sLTfioantiy in the presence of di.iyzed cytosol plus plasma mem- 
branes' PLP (200 ng), in the free form, Is rapidly hydrolywd by the 

ptomVmembrS e i. 0C i.ted , phosphates, , (.-.). h ^»,«W^ _J *2g 
wtosol to 100 ng PLP protects significantly the hydrolysis of PLP mediated 
by the phosphateM activity in plasma membranes (•«•). 
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against degradation appear to be extended also to PLP added to 
cytosol that is only loosely bound to proteins, These and other 
studies have led us to believe that protein-binding and the hydrol- 
ysis of unbound PLP are important mechanisms for regulating 
the body content of PLP, In the normal state, the tissue content 
of PLP is determined principally by protein binding, PLP syn- 
thesized in excess of this binding is rapidly hydrolyzed by alkaline 
phosphatase* Thus there is a dynamic equilibrium between syn- 
thesis and depadation f with protein binding ierving as an intra- 
cellular buffer and the modifier of the rate of PLP degradation (26). 

The manner by which acetaldehyde acts to increase the availa- 
bility of PLP for hydrolysis is shown in figure 11. When rat liver 
cytosol is dialyzed against 80 volumes of buffer, for 24 hours, 
only about 20 percent of the PLP is removed. In the presence of 
7,5 and 15 mM acetaldehyde, considerably more PLP is removed 
in dialysis. Similar results have been obtained with PLP and 

Figure 11. The Effect of Acetaldehyde (Acd) on the PLP Content 
of Rat Liver Cytosol 
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Cytosol was dialyzed against 30 volumes of a buffer containing different con- 
centrations of Acd; the PLP remaining In the dialysis bap was measured as a 
function of time of dialysis, 
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erythrocyte, hemolysates. Thus acetaldehyde, at high concentra- 
tions, displaces or facilitates the dissociation of PLP from protein- 
binding and, in this manner, promotes PLP degradation, In agree- 
ment with this interpretation, we have also demonstrated that 
acetaldehyde will inhibit the activation of purified apotyrosine 
aminotransferase by PLP, The kinetics of the Inhibition show a 
mixed competitive-noneompetitive pattern. The activation of 
ornithine decarboxylase apoenzyme by PLP is similarly inhibited 
by acetaldehyde. We infer from these studies that not only does 
alcohol oxidation itself accelerate the degradation of PLP, but 
that, with chronic excessive alcohol ingestion, the* body storage 
capacity for vitamin B 6 is also lowered, Both processes would 
contribute to the development of vitamin B 6 deficiency. 

Chronic alcohol abuse and alcoholic liver disease can also result 
in other abnormalities of vitamin B 6 metabolism. Mines and 
Cowan have reported that chronic and heavy alcohol coniump- 
tion may cause an impairment of erythrocyte pyridoxal kinase 
activity (28), They have also reported the appearance, in the 
serum of drinking alcoholics, of a large mblecular weight sub- 
stance that inhibits erythrocyte and hepatic pyridoxal kinase 
activity. The significance of these findings is difficult to evaluate 
because (1) their findings have not been reproduced by other 
laboratories; (2) the origin of the serum inhibitor and its rela- 
tionship to pyridoxal kinase, which is an intracellular enzyme, are 
unknown; and (3) it is unknown to what extent the ievel of 
pyridoxal kinase activity in erythrocytes and otHer tissues con- 
tributes to the regulation of the cellular and body economy of 
PLP. It is known, however, that the total and specific activity of 
pyridoxal kinase of erythrocytes in humans can vary widely 
among races (29). 

As noted previously, Jthe" incidence of vitamin B 6 deficiency is 
higher in alcoholic patients with liver disease than in those with- 
out liver disease* There is now evidence that liver disease itself 
will impose additional stresses on vitamin B 6 metabolism, by 
mechanisms other than those already discussed. Thus Baker and- 
coworkers (30) recently reported that chronic alcoholics with 
liver disease exhibit an abnormality in their ability to use food as 
a source of folate, thiamine, and B 6 . More important, Mitchell 
et al. (22), Kossouw et aL (31), and Labadarios et aL (82) have 
recently reported that PLP degradation is accelerated in the 
presence of liver disease* \ 

In summary, I have reviewed the different pathways .by which 
the excessive use of alcohpl can produce stress on nutritional 
Balance and on vitamin B 6 metabolism. Because alcoholic beverages 
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have high caloric value but are empty in nutritional value, they 
promote the development of ffrimary nutritional deficiency by 
preempting food intake. Furthermore, alcohol ingestion and 
alcoholic liver disease can interfere with the normal processes of 
vitamin B 6 metabolism, e.g., absorption, storage, conversion to 
bioiojpcally active forms, and degradation. These conditioning 
factors can occur concurrently, thereby accelerating the develop- 
ment of vitamin" B§ deficiency, Evidence has been presented that 
acetaldehyde, the oxidation product of ethanol, interferes with 
the metabolism of vitamin Bg by promoting the degradation of 
PLP, It may also lower the tissue storage capacity for vitamin Bg* 
In patients with alcoholic liver disease, intestinal absorption of 
vitamin Bg from food sources is impaired, and FL% degradation 
is accelerated. Because of these conditioning factors, discontinua- 
tion of excessive alcohol ingestion is a necessary step in treatment. 
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Discussion of Paper by Lumeng 



Dr. Hillman: The recent work done by Drs. Pierce and Solomon 
appears to conflnfr what Dr, Lumeng has just talked about* Dr. 
Pierce, in a series of alcoholics from Seattle, was able to show a 
* fairly high incidence of low PLP values in serum, But he could 
show no correlation between the low PLP values and the incidence 
of so-called ring sideroblastic anemia* said to occur in the tissue 
because of the low values. And I think, therefore, that we have 
very little faith that this measurement actually, from a hemato- 
logical standpoint, was telling us very much, 

Also, Dr. Solomon had tried to repeat Hines, and Cowan's 
work in terms of pyridoxal kinase levels in red cells in alcoholic 
anemias* both megaloblastic, with rings, without rings, every 
variety you could think of. After a long struggle, really, he 
demonstrated that there are a lot of other factors you have to 
worry about, Not only is there the nutritional status* which 
people did not control for at all in previous work, there is the 
problem of racial characteristics, as Ernie Beutler has shown, 
Blacks have much lower kinase levels than whites* and you have 
to know the racial makeup of the group you are studying! 

There is also something that I think, every body should have 
expected, and that is/ if you have a severe anemia, you have a 
young population of red cells out in circulation. And just like 
any enzyme, whether it is hexokinase or any red cell enzyme* 
pyridoxal kinase is very high in young cells, Therefore* if you 
look at the very severely ill alcoholic, you will And high pyridoxal 
kinase levels in the circulating erythrocytes. The final answer 
always comes down to, what about the PLP level Inside the cell? 
And you have to realize, at least for the red cell work, nobody*s 
been measuring the key cells back in the marrow* Vou are meas- 
uring a cell that has lost all of its mitochondria and nucleus and 
everything that was important to pyridoxine, so you are meas- 
uring a residue. 

At least* in terms of looking at something as simple as saturated 
transaminase, there is clearly no deficiency of PLP in that de- 
nucleated cell that arrives in circulation, I do not know what to 
say about tjii cell inside the marrow, and' perhaps Larry would 
like to comment* It seems to me that the key factor is whether 
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PLP is getting inside the mitochondria of the cell* that is trying to 
make porphyrin. We have not realty learned much of anything 
until we actually study that transport or the content of PLP inside 
the mitochondria* 

Dr. Luriieng: Thank you for your comments. As I indicated, 
sideroblastic anemia, no doubt, is a result of multiple factors, and 
B 6 deficiency is probably only one of multiple factors. The 
problem, o£ eourseVas you indicated, is that nobody has looked at 
B g metabolism of the erythroblasts or immature red cells, I think - 
much work needs to be done in that area, You are interested, in 
A-ALA synthetase, and that enzyme, of course, is intramitochon- 
drial, so it is therefore important to study how B 6 ever gets into 
the mitochondria, Being hepatologists, we have been interested 
mainly in the liver, but I think we probably should look at the red 
cell precursors as well* 

Dr. Henderson: Larry, in the case of liver, how do you envision 
acetaldehyde influencing PLP degradation or dephosphorylation? 

Dr. Lumeng: We envision acetaldehyde as an agent that will 
release free PLP from its bound form, Free PLP can then be 
readily hydroiyzed by membrane-associated PLP phosphatases. 

Dr. Schenker; I will make two very brief comments about 
Larry's remarks concerning some of the work going on in our 
laboratory. There is no question that, in the presence of liver 
disease of almost any type— whether it be chronic, like cirrhosis; 
acute, like viral hepatitis; or obstructive, like carcinoma of the 
pancreas— independent of alcohol, and independent of nutrition, 
apparently,, there is an abnormal handling of plasma PLP, This 
abnormality, I think, has been adequately shown, Interestingly, it 
appears that a major component of this, abnormal handling of 
plasma PLP is an increased degradation of the PLP. So if one 
infuses a bolus of PLP into patients and kinetically follows the 
disappearance curve, one finds that there is a major increase in 
PLP degradation* * 

The question is why this happens, JThere are several possible 
ties, And, actually, the reason for my sabbatical here is to try to 
find out with Drs. Lumeng and Li precisely why it happens. One 
possibility is that there is an abnormal binding, a decreased binding 
if you will, of PLP to plasma proteins, Using nonradioactive^ 
labeled PLP, we were unable, by equilibrium dialysis experiments, 
to show a decrease in the binding of PLP, However, PLP in plasma 
is bound very, very avidly, to the extent of about 993 percent, so 
it is obvious that we might easily have missed a very small decrease 
in binding without radioactiveiy labeled PLP, We are now hoping 
to synthesize some radioactive PLP, We hope it will be stable 
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enough, and we can run these experiments in cirrhotic plasma and 
find out if there is or is not an abnormality in PLP binding in 
cirrhotic plasma. 

Ilit second possibility, which is not exclusive of the first, is 
that there may be an increased metabolism of PLP by the cirrhotic 
liver— if the liver is very important in degradation of PLP. Unfor- 
tunately, no one (to my knowledge) knows just how important 
the liver is to the handling of PLP. Again, we are hoping to de- 
velop these kinds of studies over here using the hepatectomized 
dog model that Drs. Lumeng and U have worked on previously. 

My last comment is that, by using dogs, ynanesthetized dogs, 
without any nutritional deficiency, and by infusing a single dose 
of alcohol, 3g/kg, we have been able to show that there is a de» 
creased net formation of plasma PLP from pyridoxine. There is 
no question about it, The question is why this happens, Studies 
are in progress in our unit, and we hope to have more data later. 



Deficiency of Carnitine in 
Cachectic Cirrhotic Patients* 

Daniel Rudman 



Carnitine is synthesized from lysine and methionine. Lysine is 
methylated at its e amino group by S-adenosyl-methionine, to 
form trimethyllysine, and this compound is then decarboxyl^ted 
to form 7-butyrobetaine. In the rat, steps one and two occur in 
most tissues in the body. However, the final step, the hydroxyla- 
tion of 7-butyrobetaine to carnitine, is essentially restricted to the 
liver, To produce a state of carnitine deficiency in the rat, one has 
to satisfy two conditions: First, one has to exclude exogenous 
carnitine from the diet, and second, one has to reduce the intake 
of dietary lysine and methionine to well below the minimum daily 
requirements; When that occurs, the rat can readily be made 
carnitine deficient According to studies in the literature, carni % 
tine deficiency in the rat leads to growth retardation and fatty 
liver; , . - t % 

t So far, there have really been only a handful of reported cases 
of carnitine deficiency in humans/ Most reports have appeared in 
the neurological literature, and these usually have* presented as 
myopathy, sometimes with muscle atrophy. The histology shows 
lipid-filled vacuoles in the muscle. These are explained in terms 
of the physiological role of carnitine m providing an essential 
step in the transport of fatty acids from the cytosol into the mi- 
tochondria, the sites of fatty acid oxidation* 

So the current view is that carnitine deficiency in humans is a 
rare syndrome, usually related to some problpm either in the bio- 
synthesis of carnitine; or in the transport of carnitine to its site of 
action within the muscle cells ^ or, in some cases perhaps, to a 
problem in the acyl carnitine transferase that is essential for carni- 
tine to perform its function of fatty acid oxidation. 

The origin of our study is the recognition that protein calorie 
malnutrition is quite prevalent "within hospitals, Our surveys in 

. *Pres«nted In ita entirety In -The Journal of Clinical Investigation^ 60:716^ 
723, 1977. Copyright 1977 by American Society for Clinical Inveitigation. 
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several hospitals have Shown that, on general medical arid surgical 
/] services, we are now approaching a 20- or 30- percent prevalence of 
significant protein calorie malnutrition, In view of this high prev- 
alence of nosocomial protein calorie malnutrition, we undertook 
a study to see if there were also a prevalence of carnitine de- 
ficiency within the hospital population.. The study proceeded in 
three phases, _ 

The first phase consisted of a survey of about 240 patients with 
various disease categories, as well as of 16 normal individuals, for ) - 
' * free and total serum carnitine. 'The levels were measured using the 
i method of Marquis and Fritz \l) in a fasting, morning blood sam- 
\ pie. In . the normal individuals (table I), tee mean, + SE total 
\ carnitine was 79 ± 3 ulM and free carnitine 49 ± 3 mM, None of 
\ the disease categories we looked at differed significantly from the 
\normal serum carnitine levels, with the single exception of 36 aln 
coholic cirrhotic individuals who, as a group, showed hypocarni- 
■• knemia, In 14 of these 38 individuals, the carnitine levels were 
correlated with certain nutritional characteristics, such as the 
creatinine/height ratio, midarm muscle circumference (MAMC), 
triceps skinfold thickness (TSF), and plasma albumin, as well as 
certain liver tests— bilirubin and prothrombin time (table 2). The 
14 hypoearnitinemic cirrhotics had substantial protein calorie 
x malnutrition, Their creatinine to height ratio was only 68 percent 
of normal; they showed profoundly reduced midarm muscle cir- 
cumference; the triceps skinfold was just about gone; and, in ad- 
dition, they had advanced hepatocellular disease, The latter was 
reflected by low serum albumin, high serum bilirubin, and pro- 
longed prothrombin time, One might argue about the degree of 
hypoalbuminemia, to what extent it reflected their protein calorie 
malnutrition, and to what extent it # reflected their severe liver 

diseased, * " 

■We went on to the second phase, aimed at pinpointing the 
mechanism of "the hypocarnitinemia. Six severely hypocarni- 
tinemic cirrhotics were drafted for the second phase of the study, 
Their clinical characteristics (table 3) consisted of cirrhosis of long 
duration (6 years or mofe), severe anemia, hypoalbuminemia, 
jaundice, /prolonged prothrombin time, extensive ascites in most 
instances,, as well as severe malnutrition (indicated by the cre- 
atinine/height ratio and triceps midarm muscle circumference): 
These patients were severely anorectic; they were spontaneously 
consuming only about 600 or 800 calories a day and only about 

- IS or 20 grams of protein a day /These patientjs were studied for 
18 days in the clinical research center and compared to normal 

> controls (table 4), On days 1 to 6, the spontaneous dietary intake * 
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Table 1* Phase A of the Study: Fasting Serum Carnitine Concen- 
tration in 17 Clinical Categories * * 



- Fasting Serum 

Num Male/ age ^ Carnitine 

ber Female * (mean ±SE) 

\ Average Range . (total/free) 











yr. 




Normal 


16 * 


8/8 


42 


121-50 


7p±3/49+,3 * 


Back pain 


12 


7/5 


. 46 


30-55 


85±12/53±8 


Uterine myoma 


10 


0/10 


53 


32-50 


67 + 10/41±7 


Rheumatoid 


12 


4/8 


40 


25-54 


75±6/42±6 


arthritis 










Ischemic heart 


14 


10/4 


63 


41-63 


. 71+5/41+4- 


d isease 












Chronic obstructive 


16 


12/4 




4 $ — DO 


©4 2 / /p 11 / 


lung disease 










Carcinoma of the 


21 


0/21 




34-63 


80+4/54±5 


breast (stage I)* 












Carcinoma of the 


14 


0/21 


& * 50 


37-66 


63±15/39±i0 


breast (stage IV)f 












Carcinoma of the 


15 


> 9/6 


53 


47-6*f 


85+6/56+8' 


colon (stage I)* 












Carcinoma of the 


12 


6/6 


56 


42-62 


62±10/38±12 


colon (stage IV)f 












Malignant mel- 


9 


4/5 


38 


24-42 


65+9/49±8 


anoma (stage I)* 












Malignant mel- 


11 


6/5 


AOr 


33-56 


63±12/38±7 


anoma (stage IV)t 










Acute myelocytic 


14 


10/4 


*36 


27-48 


78±9/40+S 


leukemia 










Alcoholic cirrhosis 


36 


24/12 


52 


39-67 


51±9§/32±5S 


Regional ileitis 


9 


6/3 . 


31 


26-4 


67+11/40+6 


Cerebral vascular 


12 


6/6 


67 , 


48-71 


83±l0/53±9 * 


disease 












Cholelithiasis 


14 


6/8 


62 


41-76 


80+11/52+6 


Diet was uncontrolled. 








* 





♦Localized lesion without detectable involvement of regional nodes or dis- 
tant metastasis. 1 \ 
fOne or more metastatic lesions, * * 
$P< 0.05 for comparison with normal group. 



of the Study: Clinical and Nutritional Evaluation of Six Normal Subjects and 
inemic Cirrhotic Patients 




Known duration of disea* yr 

Hi mm, % 
Albumin, g/100 ml 




^p«iiiVf;pudillf M jiiii; 
Mankdir 




SIS 



average 
* SE) 



i i a 



4 s 



!JiQill5 
86+8 
£S/S2t 



20 1,120 
20 31 
30/1! 



30 
21 

26/11 



610 
18 

ii 



1,1(0 850 
20 16 
33/17 19/li 



mm axillary line; ibdomen distended but not to; fluid 
everted unibilicys;diaphragm elevated, 



wave; umbili|py,$ flit; 



f 

j- 



31 ^3(4 M/2F) 


51 /F tt/p 

u i / 1 y J/ 1 




£0/M 




M 




~1 6 


8 


12 


7 , 18 


0 

M. 


38±2 


21 23 


30 


2§ 


27 26 


•a 

H 


4.510.3 
0M1 


1,5 14 
3.5 11,3 


2,5 
7,7 


lj 
4,9 


2.0 U 

5,0 u 


fi 

N 

M 


mm 


15 17 


: 28 • 




13 15 ■ 


O 


\\m 


52 74 


48 


71 


83 44 




0 




*++ 




t*+ ++ 


N 

1 




70 65 


57 


70 


04 64 


0 


115-1 


15 22 


11 


ifl 


15 20 


-I 


11014 


43 52 


S6 


41 


'il 62 


S 



N 

O 

5 

M 
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Table 4, Average Composition of Diets in Phase B for Six Normal 
(N) and Six Cirrhotic (C) Subjects* 







Days 


U6 


Days 


7-12 


Days 


13-18 


Nutrient Day 


RDA 


N 


C 


N 


C 


N 


i 

c 


Calories 
Carbohy^ 


2,400 


2,790 
334 


1,068 

155 


2,430 
283 


2,210 
325 


2,410 
284 


2,180 
338 


drate, g 
Fat, g 
Amino 


56 


110 
91 


40 

22 


105 
82 


63 
86 


105 
82 


: 57 
' 79 


acids, gt < 
Lysine, rng* 
Methionine, 


800 
1,400 


4,800 
2,400 


400 
205 


3,230 
2,050 


3,400 
2,170 


3,230 
2,050 


3,160 
2,040 


mg 

L-carnitine, 


0 


410 


29 


< 10 


< 10 


250S 


/250§ 



Hmol 

*For a 70-kg aduM male, 

t Either as dietary protein, infused amino acids, or both. 
/sThis value assumes zero carnitine in the "earnitine-free" diet. 



of carnitine, lysine, and methionine was measured, together with 
the simultaneous serum and urine levels of carnitine, During days? 
1 to 6, our normal controls were eating healthy amounts of cal- 
ories, carbohydrate, and fat, spontaneously consuming 91 grams 
of protein and more than the minimum daily requirements of ly- 
sine and methionine. They were eating about 410 jumol carnitine 
a day. In contrast, the six hypoearnitinemic cirrhotics, were spon- 
taneously eating only about 1,000 calories a day and taking in 
only 22 grams of protein. Their intake of lysine and methionine 
waa only one-half to one-fifth the recommended daily allowances. 
Their spontaneous intake of carnitine was only 29 jumol a day, 
Thus, during the first 6 days, we established that our hypocarni- 
tinemic cirrhotics had a subnormal intake of lysine and methio- 
nine, the two precursors for endogenous carnitine synthesis, They 
also had a nearly zero intake of exogenous preformed carnitine. 
Both of these factors, of course, would predispose to carnitine 
depletion. 

Because there is no information in the literature on the carni- 
tine content of food, we took 25 foods and measured the quan- 
tity of carnitine in one serving of each. Meat (animal muscle) is 
rich in carnitine, but most othrr foods have vanishingly low 
levels, One of the implications of U .cse data is that when a hepa- 
tologist puts cirrhotic patients on low-protein diets, in order to 
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protect them from encephalopathy (a maneuver that is very often 
done), the patients' source of exogenous carnitine is removed. 

During days 7 to 12, we put both groups of patients on a carni- 
tine- free diet. By infusions of standard amino acid solutions in 
the cirrhotics, we brought their daily intake of lysine and methio- 
nine up to the same levels as those of the normals. The latter pro- 
cedure was carried out to see whether, when these patients were 
brought up to a normal intake of lysine and methionine, they 
would then correct their state of carnitine deficiency. 

Finally, in the last part of the metabolic study, with the dietary* 
intake held the same as during the second period, both groups re- 
ceived a supplement of 250 fimol of carnitine per day by mouth, 
The results of these studies are summarized in figure 1. During the 
spontaneous intake (days 1 to 6), normal controls excreted about 
400 fimol of carnitine a day. In contrast, the hypocarnitinemic 
cirrhotics had virtually no carnitine or very low levels of carnitine 
in the urine. Now during days 8 to 12, both the controls and the 
cirrhotic patients were placed on a carnitine-free diet, rich in ly- 
sine and methionine, The normal controls maintained their normal 
serum carnitine levels. Their urine carnitine levels dropped to 
about 100 fimol per day and stabilized there. The cirrhotics 
showed no improvement in their carnitine levels on the lysine- and 
methionine-rich diet Their serum carnitine levels drifted down as 
low as 20 jumol/l, and there was some further- reduction in the 



Figure 1. Fasting Serum and Urine Total Carni- 
tine Values (average +SE) in Six Nor- 
mal and Six Cirrhotic Subjects During 
Phase B of the Study 




Nutritional intake during days 1-6, 7-12, and 13-18 is 
described in table 3, 
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urine carnitine. During days 12 to 18, when we gave the cirrhotic 
patients supplements of 250 /imol of L-carnitine a day, we were 
able to correct the carnitine deficiency state, at least the chemical 
state of carnitine deficiency. For the first time, their serum carni- 
tine levels rose to the normal range and there was a sharp increase 
in their urine carnitine levels as well, 

In developing conclusions from this study, I want to first point 
out that, from the rat work, we know that the turnover rate of the 
body pool of carnitine is about once every 15 or 20 days, and that 
urine carnitine is a metabolic end product, So urinary excretion of 
carnitine per day is essentially equal to the daily intake of dietary 
carnitine plus the endogenously synthesized carnitine. The picture 
of carnitine metabolism we see in normal human subjects is that 
they are eating about 400 juniol a day on a typical American diet. 
They are excreting about 400 Mmol a day, aid, apparently, endog- 
enous synthesis from lysine and methionine is turned off When 
these normal individuals are put on a earnitine^free, lysine- and 
methionine adequate diet, their urinary excretion drops to about 
100 jimol a day, which seems to represent the endogenous pro- 
duction of carnitine under these circumstances, This amount 
represents an adequate amount of carnitine, because on the 
earnitine-free diet humans show no signs of carnitine deficiency. 

Now what about the cirrhotics? We have shown that within our 
hospital there is about a 30-percent prevalence of carnitine de- 
ficiency in the cirrhotic population. This carnitine deficiency re- 
sults from three factors. First, because of the profound anorexia 
of these patients, often compounded by the prescription of low- 
protein, meat-free diets, the patients are taking in virtually no 
exogenous carnitine. Second, because of their anorexia, and 
sometimes because of their low-protein diets, their intake of lysine 
and methionine, the precursors for endogenous carnitine synthesis, 
is subnormal And third, in f'e advanced cirrhotics we studied, 
the capacity for the third ste^ of carnitine synthesis within the 
liver— from lysine and methionine— apparently has been lost. 
Even when supplied with adequate amounts of lysine and me* 
thionine, these patients were unable to restore their serum or 
urinary carnitine levels. 

Now, what might the clinical significance of this finding be? In 
the inborn cases of carnitine deficiency, the clinical picture is one 
of periodic neurological symptoms, with an abnormal EEG, some 
hepatocellular disturbance, and a fatty myopathy, I think hepatol- 
ogists will agree that all three of these features are seen from time 
to time in cirrhotic patients, So we have to ask how many of these 
clinical manifestations of the natural history of cirrhosis may be 
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contributed to by rami tint* deficiency as a mechanism. To what- 
ever extent, it should be readily correctable because, as we have 
shown, with carnitine supplements one can restore normal serum 
and urine carnitine levels within a few days in these end-stage 
cirrhotics. 

The last thing I would like to point out is that there is a very 
recent paper by Kahn in Clinica Che mica Acta reporting from 
India on a group of Kwashiorkor children with abnormally low 
serum carnitine levels. The data are comparable in degree to the 
serum carnitine levels we found in our hypocarnitinemie 
cirrhotics. 

Reference 

l. Marquis, N.R., and Fritz, LB. EnzymologicaJ determination of car- 
nitine concentrations in rat tissues. J, Lipid Res, f 5 : 184-187, 1964. 
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Discussion of Paper by Rudman 



Dr. Knochel: I think your observations are very important. 
However, in the last 20 or so patients with overt alcoholic myop- 
athy, we found that the fat content of their muscle is not in- 
creased. My question is did any of your patients have elevated 
serum creatine phosphokinase (CPK) activity? 

Dr. Rudman: We did not look at the CPK value in our patients, 
To whatever extent alcoholic myopathy has a hypoearnitinernic 
etiology, you would expect to see lipid-filled vacuoles, because 
they are a classic histology in- carnitine-defieieney-indueed 
myopathy. Therefore, the alcoholic myopathy you are seeing is 
not the lipid vacuole variety. Your comment would tend, to sug- 
gest that most cases, of alcoholic myopathy are not primarily due 
to carnitine depletion, 

Dr, Schenker: The first question that I have is have you tried 
to see whether patients with acute viral hepatitis would make 
carnitine from the precursors? Then you could use them as their 
own controls. Second, do you have to have a cirrhotic lesion in 
order to see carnitine-deficieney myopathy? 

Dr. Rudman: No, We have not made any observations on acute 
viral hepatitis. Where we showed patients of the other 15 cate- 
gories, the impression we got is that it is hard to produce carnitine 
deficiency in humans. The subjects included some very s^k 
people, some very malnourished groups, and some with metastatic 
carcinoma, people who had been on carnitine-free diets because of 
IV feedings for weeks. Yet their serum carnitine levels were 
normal. 

We concluded that the mechanism for endogenous carnitine 
synthesis, including the last hepatic step, would protect an in- 
dividual against carnitine deficiency, even if the individual were on 
a totally carnitine-free diet for a long time. We also concluded that 
a cirrhotic lesion or a very severely damaged liver is required to 
produce carnitine deficiency. 

Dr. Lumeng: T he major function of carnitine in skeletal muscle 
is fatty acid oxidation. Have you examined this aspect in the cir- 
rhotic patients? 

Dr. Rudman: No, we have not done that yet. You would pre- 
dict that, We have followed several of these cirrhotics with 
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hyppearnitinemia to tlv autopsy table arid compared their tissue 
carnitine levels with those of eight normally nourished individuals 
who had died (usually from acute cardiovascular causes), after an 
acute illness of less than 3 days, The hypocarnitinemic end-stage 
cirrhotics invariably exhibited subnormal tissue levels of carni- 
tine in skeletal muscle, heart, liver, kidney, and brain. We saw 
only one-quarter to one-third as much carnitine in these tissues as 
in the normal tissues. So this finding verified our conclusion, from 
serum and urine data, that these patients truly were carnitine 
depleted. 

Now that comes to your point that the main function of car- 
nitine is to make it po >le for the various tissues to use long- 
chain fai y acids- as a metabolic fuel. And you would predict that 
these tissues would be impaired in their ability to use fatty acids 
as a fueL The patients with carnitine deficiency as a whole should 
show a high respiratory quotient (RQh being unable to lower the 
RQ with fasting, Because of the depletion of carnitine in the liver, 
the patient should have lost the ability for*ketogenesis, so that in 
the starved state ketosis would not develop. As yet, we have not 
tested these important parameters. 

Dr. Wagner: Have you loekeU for excretion of T-butyrobetaine 
or accumulation of the precursor? 

Dr. Rudman.f Thanks for the suggestion. If our hypothesis is 1 
correct, that there is a block at the third step, then there should 
be an accumulation of one or two of the preceding intermediates, 
7-hutyrobetaine or perhaps the trimethyllysine. We have not 
looked for either of those yet, but We will, 
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Effects of Alcohol on 
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Acid Metabolism 



Plasma Amino Acid Measurements 
for the Detection of Alcoholism; 
Current Status* 

Spencer Shaw and Charles S. Lieber 

-Abstract 

* Studies of the effects of alcohol on amino acid metabolism in 
the baboon have led to the observation that, following chronic 
heavy alcohol consumption, the level of plasma a-arnino-nbutyrie 
acid (AANB) is increased markedly. Similarly* increases in plasma 
AANB were observed in human volunteers given alcohol along 
with an adequate diet under metabolic ward conditions, The 
measurement of plasma AANB provides a sensitive and highly 
specific biochemical test to detect and assess chronic heavy 
drinking. It is especially useful for screening ambulatory popuUi 
tions and for evaluating the outcome of alcoholism rehabilitation, 

Studies oi the effects of alcohol on amino acid metabolism in 
the baboon have lead to the observation that, following chronic 
heavy alcohol consumption, the level of plasma o^arnino-n*butyric 
acid (AANB) is increased markedly (1). Similarly, increases in 
plasma AANB were observed in human volunteers given alcohol 
along with an adequate diet under metabolic ward conditions (2). 
The application of the measurement of plasma AANB as a bio- 
chemical test for chronic heavy drinking in the alcoholic, however, 
was complicated by the fact that the plasma level of AANB is af- 
fected by dietary factors, Indeed, dietary protein restriction or 
deficiency results in a decrease in the plasma level of AANB (3,5) 
and such abnormalities frequently may be present in the alcoholic; 
Therefore, in order to use plasma AANB levels to assess chronic 
heavy drinking, it was necessary to control for nutritional status. 
Control was achieved by simultaneously measuring plasma 
branched-chain amino acids that are known to reflect dietary 
protein intake (8,5). For convenience, a representative branched- 

•This work was supported, in part, by grams from the National Institute on 
Alcohol Abusg and Alcoholism; the National Institute of Arthritis, Metab- 
olism, and Digestive Diseases; and the Veterans Administration, Medical 
Research Service, 
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chain amino acid, leucine, was selected, but similar results were 
obtained with each of the other branched-ehain amino acids, 

The level of AANB expressed relative to leucine was found to be 
increased approximately twofold among active alcoholics when 
compared to that of controls (6), This increase was reversible within 
I week after cessation of drinking, The rise occurred among amhu^ 
latory as well as hospitalised subjects. Furthermore, there was a 
statistically significant positive correlation between the level jf 
AANB/leucine and the degree of alcoholism assessed by National 
Council on Alcoholism criteria of alcoholism, alcohol intake 
histories, and a psychological questionnaire (6). 

Further investigation of the relationship of AANB to leucine in 
alcoholics and nonalcoholics revealed that the increase in AANB/ 
leucine due to alcohol consumption was not linear over the entire 
range of leucine values. Therefore, we recommended the replace- 
ment of the use of a simple ratio with experimentally derived 
curves (7). In addition, it was found that the sensitivity of this test 
for chronic heavy drinking could be improved by the simultaneous 
measurement of 7 glutamyl transpeptidase (GGTP). Using this 
modification, along with the experimentally derived curves, one is 
able to detect approximately 80 percent of active alcoholics 
sampled within 7 days of drinking, with only a 2-perceht rate of 
false-positive determinations among controls (7), This test was 
found to be much more sensitive than a measurement of blood 
alcohol level and also more useful because blood alcohol does not 
distinguish acute from chronic alcohol consumption, Furthermore, 
it was as sensitive as, but much more specific than, GGTP, 

The usefulness of the measurement of AANB to detect chronic 
heavy drinking among patients with nonalcoholic liver disease is 
more limited because of the frequency of false-positive tests 
(8,2,9,10), However, among these patients, "this test is less fre- 
quently abnormal than is GGTP (8), 

Recently, the increase in AANB due to chronic alcohol con- 
sumption has been questioned and has been attributed to non- 
specific liver damage (9,10), Other research 'groups, however, have 
confirmed a reversible increase in AANB relative to leucine follow- 
ing chronic alcohol consumption (Ellen Gordon, personal com- 
munication). Furthermore, in the rat model of alcohol consump- 
tion, which does, not develop liver damage other than steatosis, an 
increase* in AANB /leucine has been reported by several groups 
(10,11). In liver slices, this rise has been shown to be due, at least 
in part, to increased hepatic production of AANB by alcohol (12), 

In patients with severe liver damage unrelated to alcohol, the^ 
level of AANB relative to leucine may be increased due to low 
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leucine values. This situation has frequently been observed in pa- 
tients with advanced liver damage such as cirrhosis (13,14,15) and 
may be attributed, at least in part, to portal systemic shunting as- 
sociated with hyperinsulmemia and hyperglucagonemia (15). Such 
patients with clinically overt liver disease do not usually represent 
a diagnostic problem with respect to latent alcoholism. Further- 
more, in the majority of patients with moderately severe liver 
damage unrelated to alcohol, increases in A ANB /leucine were not 
observed by our group (2,6) or others (16), 

Measurement of AANB as a biochemical test for alcoholism has 
been found extremely useful in detecting latent alcoholism among 
ambulatory subjects {including white-collar workers), as well as in 
monitoring the success of alcoholism rehabilitation, Among such 
subjects, we are able to detect approximately 80 percent of the 
alcoholics, in many instances, the presence of heavy drinking was 
no* suspected, but was later corroborated after a positive blood 
test, family invest nations, or ^ determinations of blood, alcohol 
levels. To date, we have studied 350 subjects and have observed 
121 positive tests among 150 alcoholics, and only 4 false-positive 
tests among 200 controls, 

In conclusion, measurement of plasma AANB provides a sen- 
sitive and highly specific biochemical test to detect and assess 
chronic heavy drinking. It is especially useful for screening am- 
bulatory populations and for evaluating outcome of alcoholism 
rehabilitation. 



References 

1. Shaw, S.. and Lieber, C.S. Clin. Res. , 23 . 459 A* 1975, 

2. Gastroenterology , in press, 

3. Holt," L.E.; Snyderman, S.E.; Norton, P.M.; and Roitman, E. Protein 
Xutrition and Free Amino Acid Patterns, New Brunswick, N.J.: Rut- 
gers U Press, 1968, pp. 32-39. _ 

4 Swendseid, M.E., Tuttle, S.G.; Figueroa, W.S.; Mulcare, D., Clark, A.J.; 
Massey , F.U. J. Nutr., 88:239-248, 1066, 

5 Swendseid, M.E.; Yamada, C; Vinyard, E.; and Figueroa, W.G. Am. J, 
CUn. Nutr., 21:1M1-1383, 1968, 

6. Shaw, S.; StimmeL B.; and Lieber, CM. Science, 194:1057-1058, 1976, 
7 Shaw! S 4 ; Lue'S.L.; and Lieber, C.S. Alcoholism: Clin, Exp, Res, t 2:2-7, 
1978.' 

8. Shaw, 8., and Lieber, C.S, Alcoholism: Clin, Exp. Res., in press, 

9. Morgan, M.Y.; Mllion, J.P.; and Sherlock, 5, Science, 197:1183-1185, 

1977 ■ 
10 Diemtag, Carter, EA; Wands, J.R,; Isselbacher, K,J,; ind Fischer, 

J.E. Gastroenterology, 73:1217, 1977, 

11. Stanko, R.T.; Morse, E L. ; and Adibi, S.A. Gastroenterology, 72:1136, 
1977, (Abstr,) ' 

12. Shaw, S. t and Lieber, C.S. Clin. Res., 25:499a, 1977, 



288 



SHAW AND LIEBER 



13 Fisdier, J.K.. R<i*»n, H .M.; Ebtnd, A M,; James, JH,; Keane, J.M.; and 

Sorters! P.B. $wry m MO. 77 -ft I, 1978. 
U Rosen, H,M.; Yoshimura, N. ; Ho'igman, J.M.; and Fischer, J,L, Oo^ru- 

entervlogy. 72:483-488, 1977, 

15. Sherwin, R.S,; Hendler. R.G , and Felig, P. J. Clin. Invest:, od:13S2- 
1390, 1975 _ 

16, Feiig, P.; Brown, V'.; Levine, R.A., and Klaukin, O. .Y ftrttfi. </ Jfftf.. 
283:1436-1440/1970. 



Ethanol Consumption and Free 
Amino Acids of Rat Plasma and Liver 



Jeng M. Hsu 



4 Recent studies have indicated that the plasma ratio of a-amino- 
n-butyric acid to leucine (A/L ratio) was elevated in ambulatory 
and hospitalized alcoholics (1). This finding suggests that the 
increased A/L ratio may become an objective empirical marker 
for the detection and assessment of alcoholism (1), In order to 
test this hypothesis* %ve have looked at the A/L ratio and other 
amino atid concentrations in the plasma and liver of rats follow- 
ing chronic ethanol ingestion. 

Experiment 

i 

Two-montlvold male rats of the Sprague-Dawley strain were 
housed individually/ in stainless steel cages at room temperatures 
of 25 Q -28*C. They were divided into three groups of six rats 
each and were fed' Purina Chow, The first group (control rats) 
received tapwater and Chow ad libitum. The second group re- 
ceived 20-percent (V/V) ethanol as their sole drink and Chow, 
ad libitum. The rats in the third group received a solution of 
sucrose (which has an equivalent caloric value to the 20-percent 
ethanol) and were pair-fed to the ethanol-treated rats. 
• After 6 months on the dietary regimens, the rats were fasted 
for 18 hours and sacrificed by cardiac puncture. The fasting blood 
was collected in a Iheparinized centrifuge tube and the plasma was 
separated and stored at =25 9 C. The whole liver was perfused with 
saline-iso tonic solution, removed, and weighed. An aliquot of each 
k tissue was homogenized in distilled water to yield a 5-percent 
homogenate. Then, followed centrifugation, after which the tissue 
supernatants and the plasma were deprotelned with sulfosalicylic 
acid. Free amino feeids wete^ analyzed by ion-exchange chroma- 
tography with a jTechnicon automated amino acid analyzer. 
The data were analyzed statistically by means of Student's t 
test, i 
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Plasma-Free Amino Acids 

Table 1 shows the results of free amino acid concentrations in 
rat plasma following chronic ethanol consumption, Ethanol had 
no effect on the values of essential amino acids, However, the rats 
drinking sucrose solution for the isocaloric substitution of ethanol 
had a decreased level of isoieucine as compared to that of the rafs 
consuming ethanol. Among the nonessential amino acids, the 
most striking difference was the marked increase in the concentra- 
tion of a-amino~n-butyric acid in the ethanol-treated rats. The 
growth wvs approximately threefold over the control rats and 
fivefold over the sucrose-drinking animals. Chronic ethanol corv 
sumption also resulted in a, pronounced; increase of free ornithine 
and glutamic acid over control values. On the other hand, the 



Table 1. Free Amino .Acids in Rat Plasma Following Chronic 
Ethanol Consumption 



Amino Acids 


Control 


20% Ethanol 


Sucrose. * 








(uM/100 ml 




Essential 








Arginine 


18-134 


2,42* 


* 14 264 3.54 


1*3,174 3,62 


Histidine 


6,214 


2,89 


6.694 1.35 


7.954 1 X9 


Isoieucine 


11.934 


2,92 


15.484 242 


4 9.784 142J 


Leucine 


20.7J4 


4,86 


24.054 3.01 " . 


19.194 1.92 


Lysine 


37.904 


3,41 4 


31 63 + 11.01 


36,854 6.85 


Methionine 


5,184 


0.20 


P .61 ± 1,22 


6,494 1.02 


Phenylalanine 


fc 8,864^ 


1.3f8 


- ■ 95± 1.08 


10,444 1.50 


Threonine 


20,974 


3,25 


32,30410,55 


28,86410,40 


Tyrosine 


10,414 


LSI 


10,34s 1,32 


11,2*4 3,00 


Valine 


22,804 


5,04 


27,304 3.00 


19.241: 2 56 


Nonessential 










Alanine 


40,534 


6.17 


48.66:12,48 , 


U5.'5l*23.55 dr 


AASA b 


2.88± 


1.28 


10 52* 3.39 c 


1 9 3 1 () ^ 


x h Cystine 


2.874 


0.87 


2.784 0.64 


1,084 0,43 


Glutamic acid 


36,364 


4,64 


53,724 9 46 c 


69*824 2,56^* 


Glycine 


36,994 


8,51 


34.054 9.8^ 


34,814 ^,51 


Ornithine 


5,494 


1.81 


10.924 2.98 c 


12,7-^t 1.35 d 


Proline 


6.574 


1,91 


7.224 3,94 


8.10± i S3 


► Serine 


18.834 


4,49 . 


22 98 1 1,62 


36.694 3,63^ 


Taurine 


50,2941 


7,33 


S7U8.92 


37,66il0.02 



**Mean of six rats tH.D, -* / 
* h a -amino -n-buty ric acid, 

* P < 0,01 or P < 0,05 versus contra!. * j % 

■P < 0.01 versus controL S 
f P < 0,01 *or P < 0,05 versus ethanol. 
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sucrose solution us the sole drinking fluid increased the amount of 
free serine, glutamic acid, and alanine when compared to the rates 
of the other two groups. There was also an increased ornithine 
level of the sucrose-drinking group over the controls, 

Liver-Free Amino Acids 

The liver- free amino acid levels of the rats receiving 20-percent 
ethanoL or isocalorie substitute of sucrose solution for ethanol, 
and the control animals receiving tapwater are summarized in 
table 2, As with plasma, the values of all individual essential 

Table 2. Free Amino Acids in Rat Liver Following Chronic 
Ethan ol Consumption 



Amino Acids Control 20% Ethanol Sucrose 













UiM/100 mg 




















dry wt.) 










Essential 




















Arginine 


0 


,071 


±0. 


Oil* 


0,072*0.054 


0 


,076 


±0. 


020 


Histidine 


0 


,397 


to. 


060 


0,461+0,109 


0 


.360 


to 


,063 


Isoleucine 


0 


,643 


±0, 


,179 


0,646*0,141 


0 


,455 


±0 


,084 


Leucine 


1 


,120 


±0. 


340 


1.247*0.263 


0 


,783 


to 


,128 


Lysine 


1 


,366 


to. 


358 


1,557*0,228 


0 


,927 


*0 


,122 d ^ 


Methionine 


0 


281 


±0. 


109 


0,265*0.096 


0 


.118 


to 


.077 


Phenylalanine 


0 


,594 


*0 


.172 


0.641*0,138 


0 


,444 


to 


,084 


Tyrosine 


0 


.263 


±0. 


,103 


0.330*0,134 


0 


,261 


±0 


,089 


Valine 


1 


.050 


±0 


,283' 


1.173*0.261 


0 


.831 


to 


,187 


Nonessential 




















Alanine 


3 


.319 


to 


,400 


4,074*0,974 


4 


.078 


±0 


385 


AABA 


0 


,149 


to 


,130 


G,429*Q,l5S e 


0, 


162*0. 


109*' 


A^tartic acid 


0 


,995 


±0 


,213 


i,i78±0.318 


1 


.001 


to 


.256 


x h Cystine 


0 


,063 


±0 


.032 


0,056*0,036 


0 


,076 


±0 


,032 


GABA b 


0 


.765 


±0 


,187 


1,607*0,171° 


0 


,912*0 


262 g 


Glutamic acid 


1 


,849 


±0 


.422 


1.258*0.113° 


1 


,157 


±0, 


255 d 


Glycine 


2 


.698 


±0 


.450 


3.345*0.563 


2 


.594*0 


,617 


Ornithine 


0 


,969 


±0 


.428 


1.591*0,442° 


0 


,934 


to 


,109-' 


Proline 


0 


,582 


±0 


.251 


0.427*0,165 


0 


,429 


to 


,164 


Serine 


1 


,284 


±0, 


,291 


1,433*0,168 


1 


,331*0 


,312 * 


Taurine 


2 


,872 


±1 


.717 


' 4.062*1.885 


0 


,508 


to 


.132 d ' € 



a Mean of six rats iS.D, 
b Y-amLno-n-butyric acid, 
e P < 0.01 Qt P < 0,05 versus control, 
d P < 0.01 or P< 0,05 versus control, 
6 P < 0,01 or P < 0,05 versus ethanol. 
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amino acids in the ethanol-treated rats were about the same m 
those in control rats. On the other h^id, the rats drinking sucrose 
solution tended to have low values of the three hranehed-chain 
amino acids. In addition, free lysine levels were significantly re* 
duced as compared to either those of the controls or those of the 
ethanol-treated rats. 

Of the nonessential amino acids, chronic ethanol consumption 
resulted in a marked elevation of both a-amino-n-butyric acid and 
7-amino-butyric acid levels. Also, there was an increase in orni- 
thine and a decrease in glutamic acid. The rats receiving sucrose 
solution showed a marked l rop of taurine and a significant reduc- 
tion of glutamic acid. s 

Ratio of «=Amino-n»Butyrie Acid to Leucine (A/L) 

The data in table 3 indicate that the A/L ratios in both plasma 
and liver were markedly increased after ethanol feeding. These 
changes appear to be specific, inasmuch as the A/L ratios were 
normal in sucrose-drinking and pair-fed rats. 



Table 3. Ratio of a-Amino-n-Butyric Acid to Leucine (A/L) 



Tissue 


Control 


Ethanol 


Sucrose 


Plasma 


0,139" 


G.437 b 


0,101 


Liver 


0,129 


0,344 b 


0,207 



a Mean of six rats. 

b P < 0.01 versus control or sucrose-. 



Conclusion 

Our findings support the earlier observation of Lieber and others 
(1) indicating an increase in plasma c^amino-n-fautyric acid to 
leucine ratio in the hospitalized alcoholics and in baboons fed 
alcohol as 50 percent of their total caloric intake. In addition, 
the parallel increases of the A/L ratios in the plasma and liver 
further suggest that the increase of liver a-amino-n-butyric acid is 
the cause of the increased plasma a-amino-n-buiyric acid, which 
in turn results in an elevation of the A/L ratid, However, the 
mechanisms whereby long-term alcohol consumption results in 
amino acid abnormalities are still unknown, Further experiments 
are needed *to disclose the nature of the metabolic derangement. 
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Alcohol. Acetaklehyde, and 
Albumin Synthesis* 



Marcus A. Rothschild, Murray Oral/,, 
and Sidney S. Schreiber 

Introduction 

Etnanol is metabolized sequentially to acetaldehyde and to 
acetate. During this process, protein synthesis has been shown to 
b* inhibited (1,2,3,4). However, the mechanism whereby the 
metabolism of ethanol results in these alterations in protein 
synthesis : i not clear, and the offending agent has not been iden- 
tified. Increased levels of acetaldehyde have been noted in patients 
with chronic liver disease secondary to ethanol intake, and ace! 
■ddehyde I and not ethanol) has be< n shown to interfere with cardiac 
muscle protein synthesis. In fact, acetate itself has been suggested 
as the mediator of ethanol toxicity in isolated cell systems. The 
present review summarizes the acute effects of ethanol and acet- 
aldehyde with and without the metabolic inhibitors 4-methyl- 
pyrazole and disulfiram, in livers derived from fed or fasted 
donors. The extremes of nutrition are thus contrasted in terms of 
acute effects of the metabolic responses to ethanol. 

Donors 

Fed or 2 1-hour Tasted rabbits, weighing 1.2 to 1.4 kg, were used 
in all studies The standard "rabbit chow (Wayne Rabbit Ration, 
Allied Mills, Inc., Chicago, III.) consisted of 15 percent protein, 
2.5 percent fat, and 18 percent fiber; the average intake was 80 to 
120 g per day. 

Perfusion Solution 

The perfusion solution consisted of washed rabbit red cells 
made up to a final hematocrit value of 25 to 27 percent with Krebs- 
Henselelt bicarbonate buffer containing 3 g/100 ml of rabbit or 
bovine albumin, 0.08-percent glucose, and ammo-acids as listed in 
table 1. 



•This work was supported, in part, by grants from the Veterans Administra- 
tion* National Institute of Health Grant HL 09562, and the Lou.se and 
Bernard Palitz Foundation, • 
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Table 1, Standard Perfusion Solution 

Parameter Concentration 
Amino Acids (L^orm) 



alanine 


o .in mVi 


aspartate 


0,05 mM 


cysteine 


0,30 mM 


iilu famine 


1 1 lit I 


Jlufcamate 


0,15 mM 


glycine 


U.aU mjVl 


proline 


0.12 mM 


phenylalanine 


0,10 mM 


serine 


045 mM 


arginine 


0.15 mM 


hijtidine 


0.06 mM 


loucine 


0.35 mM 


lysine 


0.15 mM 


threonine 


"0/20 mM 


Lyrosiine 


0,02 mM 


valine 


0.31 mM 


iso^ucine 


0.05 mM 


.methionine 


0.03 mM 


tryptophan 


0.05 mM 


Glucose 


1 liter 


Alhumin 


30-35 g/iiter 


Heparin 


10,000 U/Iiter 


PH 


7,4 


Gas 


95% 0 2 -o% C0 2 


Hematocrit 


26% 


Buffer 


KFebs-Henseigit 



In the alcohol studies, 95-percent ethyl alcohol was added to 
the perfusion solution at an initial concentration of 0,22 percent 
by volume; this level was maintained by the constant infusion of 
ethanoi during the experimental period. 



\ Perfusion 

The techniques for removal of the liver and its perfusion have 
previously been described in detail (5), Briefly, under light ether 
anesthesia, the livers were exposed ; the portal vein was cannulated 
proximally while the liver was iri situ; and perfusion was started 
immediately. The inferior vena cava was cannulated below and 
severed above the diaphragm; the liver was removed and reoriented 
on a platform in a heated, humidified box; and the portal vein 
inflow cannula was transferred to a pump system. 
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Perfusion wii* directed into the portal vein at a rate of LO to 
1.4 mi jpof liver per minute. The perfusion volume of 140 to 
170 ml was recirculated and oxygenated by a disc oxygenator 
that received the output from, the inferior vena cava. Bile was 
collected from the eannulated biliary duct. 



Albumin Synthesis 

The [ I4 C] carbonate technique was used to label the hepatic* 
arginine intracellular pool. Arginine is ihe immediate precursor, 
not' only of the arginine residue in albumin, but also of urea, so a 
direct product precursor relationship exists, as has been described 
by Swiek. Reeve et al„ and Me Parian e {6,7,8), This technique has 
been examined in detail in numerous publications. 

After "A ] minutes of perfusion (control and experimental ), 
100 /iCi of [ l -*C] carbonate (specific activity, 5 mCi/mmol) were 
injected directly into the inflow tube to the portal vein, and the 
perfusion was continued f yr 24 .2 hours. 

Albumin synthesis was determined by the following formula: 

albumin guanidino C 
specific activit v 

Albumin synthesis = — — . . ' _ — X perfusate albumin 
synthesized urea C 

9 specific activity 

Synthesized urea carbon -specific activity is presumed to equal the 
precursor arginine-guanidmo carbon-specific activity. 



Analytical Methods 

The total protein in the perfusion solution was measured by a 
biuret method, and albumin partition by a Kern microelectro- 
phoresis unit, 

Albumin was isolated from the perfusion solution by prepara- 
tive aerylamide gel electrophoresis. The, perfusion solution was 
treated with a large* excess of nonradioactive urea to ensure that 
the isolated albumin was not contaminated with high specific 
activity [ 14 C] urea. To ensure -purity, samples of the isolated 
alburn in were examined by qualitative polyaerylamide electro- * 
phoresis and Immunoelectrophoresis at a 6-percent protein level. 

In those perfusions where bovine^albumin was 'used, albumin 
was isolated by two alcohol- trichloroacetic acid separations with 
intervening dialyses. These techniques have been shown to result 
in clean albumin preparations with the same [ 14 C] guanidino 
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carbon-specific activity as those isolated by immunochemical or 
acryiamide gel methods. 

Lactate, pyruvate, and alcohol levels were obtained with Sigma 
Chemical Company kits 846B, 726, and 831 (Sigma Chemical Co., 
St, Louis, Mo.}, Samples of perfusion solution blood were ob- 
tained at 30-minute intervals, and the concentrations of lactate - 
and pyruvate were determined on each sample. 

In order for the [ 14 C] carbonate method to be valid, the rates 
of synthesis of albumin and urea should remain constant during 
the experimental period. Otherwise, situations may arise wherein 
the major portion of urea is synthesized when the specific activity 
of the arginine is different from that when the albumin molecule 
is synthesized. This situation would lead to falsely low or high 
values for albumin synthesis. 

Urea synthesis was monitored at 5- to 15-minute intervals 
during the perfusion, and livers that did not have a stable urea 
synthetic rate were not used, { Eleven perfusions were discarded 
for this reason, ) 

Furthermore, in at least one study in all groups, albumin 
synthesis was measured by an immunochemical method along 
with the 14 C C0 2 method, using high^titer monospecific antibody 
against rabbit albumin. 

Immunochemical quantitation of the newly synthesized albumin 
was determined by the method of Maneini et al, (8a). In six 
replicates, the 0,95 error (P - 0.05) of the measured diameters 
averaged ±7 percent, A plot of the square of the diameter versus 
concentration of antigen standards was made on linear graph 
paper, and the unknowns were determined from the graph. All 
batches of antiserum were tested against various dilutions of 
rabbit serum to ensure the presence of only a monospecific 
antibody. Also, the antiserum was tested against bovine albumin 
to test for the absence of cross-reaction. 

The data derived by the two independent methods agreed 
quantitatively in 24 of 32 combined studies, and qualitatively in 
the other 8 studies (9), 

Because alcohol might inhibit the release of newly synthesized 
albumin, the rate of release of labeled albumin was studied in 
both alcohol and control perfusion solutions. Labeled albumin 
we,s detected in the alcohol and control perfusion solutions by at 
least 35 minutes after the [ 14 C] carbonate injection, indicating 
no Melay in release of the labeled albumin, The total albumin 
carbon [ l4 C] guanidine activity was achieved by 90 to 100 minutes 
' in both alcohol and control groups; by 150 minutes, no additional 
increase in activity was noted. If release had been delayed by 
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alcohol, the peak total U C activity of the released albumin would 
have occurred later. In addition, the increment, in rabbit albumin 
I levels and in the perfusion solutions containing bovine albumin, 
was steady during the control and alcohol studies, further support- 
ing the conclusion that alcohol did not impede the release of 
preformed albumin, 

DNA-RNA Determinations 

After perfusions, the liver was chilled by the gentle injection of 
25 ml of ice-cold 0,25 M sucrose (RNase-free, Schwartz/Mann, 
Orangeburg, N.Y.) in TKM buffer (50 mM Tris-HCI, pH 7,5-25 mM 
KC1-5 mM MgCl 2 ). The liver was weighed, minced, and homog- 
enized in 2 vol of the same buffer in a glass homogenizer with a 
loose-fitting Teflon pestle, DNA was determined by the indole 
method of Ceriotti, as modified by Keck (10). The determination 
of RNA was essentially that of Fleck and Begg (11), Total protein 
was determined by the method of Lowry et al. (12), 

Polysomal Isolation 

Polysomes were isolated from the whole liver, after the 2-1/2- 
to 3 -hour perfusion, employ ng the techniques described by Blobel 
and Potter, as modified below. After homogenization in 2 vol of 
0,25 M sucrose-TKM buffer,' nuclei, debris, and mitochondria 
were separated by a 10-minute spin at 15,000 g, The supernate 
was layered over a 1,38 to 2 M sucrose discontinuous gradient in 
TKM buffer containing ceil sap as an RNase inhibitor, as suggested 
by Blcbel and Potter (13). After a 20-hour spin at 105,000 g 
(Spinco 40 rotor), the b^und polysomes sedimenting into the 
1.38 M sucrose layer were removed, treated with 1/4 vol of 
20-percent Triton-5 percent sodium deoxycholate solution, and 
recentrifuged through 2 M sucrose in TKM-cell sap for 20 hours, 
as above, The pellet obtained from this interface has been shown 
to represent the polysomes that had been bound to the endoplasmic 
reticulum, and the purity of this fraction was confirmed, 

The unbound or free polysomes sedimented through the 2 M 
sucrose and were harvested as a pellet after the initial 20-hour 
spin. The pellet was frozen at -20° C and treated identically with 
the bound pellet obtained 24 hoyrs later, 

. In livers from fed donors, the large quantity of glycogen present 
prevents effective isolation of the free polysomes. Thus, in these 
livers, amylase was added to the postmitochondrial supernatant at 
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a final* concentration of 70 U per nil. After 30 minutes at 4°C 
with gentle stirring, the same quantity of amylase was added, and 
^gentle stirring was continued for another ,30 minutes at #C, In 
studying fasted free polysomes isolated with and without amylase 
treatment, no effect of this amylase treatment on polysonial 
aggregation was noted. 

Polysome Analysis 

The polysomes, bound and free, were suspended in 1 ml of cold 
distilled water, and 18 to 20 absorhance units (260 nm) were 
layered over a 34 ml linear sucrose gradient (0,3 to 1,1 M in TKM 
over a 2 mT cushion of 60-percent sucrose), These gradients were 
spun at 25,000 g in a SW 27.1 rotor at 4°C for 2 hours, and the 
resultant gradient was analyzed in an Isco ultraviolet analyzer 
(Instrumentation Specialties Co,, Lincoln, Neb.) at 254 nm 
(model UA-4), 

Polysomal Labeling 

The pattern and extent of polysomal RNA labeling was deter- 
mined by the addition of [ 3 H] uridine; 1.5 mCi (26 uCi per 
mmol) in the perfusion solution during the 214-hour perfusion. 
The isolated factions (bound and free) were analyzed as above in 
an Iseo ultraviolet * analyzer, and 1 rhl fractions were collected; 
0,1 ml was plated on Whatmann No, 3MM discs. The discs were 
'treated sequentially with ice-cold 5-percent trichloroacetic acid 
containing nonradioactive uridine for 10 minutes, washed with 
ice^old 7-percent trichloroacetic acid, cold ethanol, ethanol- ether 
(1:1 v/v), and ether, and then air dried. The dried discs were 
suspended in 5 ml of 0,7-percent hutyl-PBD in toluene and counted 
in a liquid scintillation counter, appropriate corrections being 
made for 14 C contamination in the 3 H channel. 

Results 

Influence of Specific Amino Acids on Albumin Synthesis 

The acute effects of exposure ofifelivers from fed donors to 
ethanol results in a 50-percent decrease in the rate of albumin 
synthesis and a significant and similar decrease in the synthesis of 
urea. Polysome disaggregation is marked with particular destruction 
of the endoplasmic membrane-bound polysome. These results can 
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be t ounterarttH] eftVcUvely with 10 mM levels uf ar^inine, trypto- 
phan, ornithine, and lysine, the same a.mino acids that stimulated 
albumin synthesis in livers from fasted donors in the absence of 
exposure to another stress such as ethanol. Not all amino acids 
wem effectiveMn the latter situation; histidine* leucine, methionine, 
and valine were ineffective in stimulating either urea or albumin 
production (table 2), These observations suggested that the urea 
cycle might play a more important role in regulating protein 
synthesis than had been heretofore imagined. Furthermore, orni- 
thine f figure 1), an amino acid in the Krehs urea cycle, is not 
incorporated into albumin, but ornithine too resulted in a marked 
stimulation of albumin production, both in livers from fed donors 
perfused with ethanol and in livers exposed to the single stress of 
fasting. Ornithine is the immediate product following the cleavage 
of arginine into urea and is also the precursor of the poly amines 
putrescine, spermidine/ and spermine. These poly amines have 
been suggested as playing important roles in maintaining the 
integrity of the polysomal system, 

Thus, studies were conducted o determine if the effects seen 
with high levels of amino acids could be duplicated by adding 
1 mM levels of spermine, a physiologic level found in vivo. To this 
end, albumin synthesis was measured in livers from fed and' fasted 
donors' perfused with ethanol 200 mg%, ethanol plus 1 mM 
spermine, and ethanol plus arginine 10 mM and 1 mM spermine 
(table 3), The results indicate that, hi fed donors perfused wit f h 
ethanol and in fasted donors, spermine can result in significant 



Table 2, Effects of Amino Acids on Albumin Synthesis in Livers 
From Fed Donors ' 



Albumin Synthesis Urea Synthesis Degree of Bound 
Perfusate . Polysome 

< " of control values) Aggregation 

Control .1 00 100 100 

Ethanol „ 37 32 37 

Ethanol * A. A. 70 g\ ?0 

-Bound polysome aggregation (.-■ trisome) varies from to 76 percent, 

Control albumin synthesis has varied over the years from 16-18 to 20-22 mg/ 
100 g wet liver wt/hr. 

Control liver synthesis has varied over the years from 32-34 mg/lOO g wet 
liver wt/hr, 

A, A, s 10 mM levels of either Trp, Orn, Lys, Arg, 
Ethanol 200 mg%. - 
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Figure 1. Relationship of Ornithine to the Urea Cycle and to the 
Synthesis of ] 
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TableS, The Effects - of Arginine and Spermine on Albumin 
Synthesis in Livers From Fed Donors* , 



Perfusate 



Albumin Synthesis Urea Synthesis - Degree of ^ und 

Polysome 



(% of control values) 



Aggregation 



Control 


100 


100 


100 


Ethanol 


35 




37-43 


Ethanol-arginine 


70 


- 78* 


77 


Ethanol -spermine 


53* 


r 


67 


Ethanol- 








sperm i ne- 
ar gi nine 


100 


,169 

1 


77 " 



Ethanol 200 rrrg%. 
Spermine 1 mM, 

•It should be noted that urea synthesis from arginine only requires argiriase* 
and ethanol and acetaldehyde do not inhibit this enzyme. The lack of incre- 
ment in urea synthesis after the addition of arginine, but in the presence of 
ethanol, is striking, but the cauie is not known, 
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polysome reaggregation. However, in order for albumin unci urea 
synthesis to be ef fee lively stimulated, it is necessary to add 
argimne as well. These results suggested that arginine might be 
the rate-limiting amino acid, as it is present in the liver in only 
trace quantities. Spermine, or the other polyammes, would 
therefore play a role in effectively binding the programed poly- 
some to the endoplasmic reticulum for the synthesis of pro^ 
teins Cor export, The ability of spermine to overcome even the 
combination of the stresses of fasting and ethanol exposure in 
terms of polysome aggregation is marked, 

Ethanol Versus tasting o 

So far, these studies have shown that although both fasting and 
acute exposure to ethanol reduce albumin synthesis and cause 
significant polysome disaggregation.; the mechanism Of the action 
of ethanol is certainly different irom that of fasting, primarily 
because fasting reduces the total quantity of UNA dramatically 
within the first 24 to 48 hours. However, acute exposure to 
ethanol did not- cause any detectable alteration in the total 
amount of hepatic RNA (table 4), Further, studies employing 
[ 3 H] undine and cytidine have shown a specific inhibition of 
entrance of newly labeled RNA into the endoplasmic membrane- 
bound polysome of ethanoUexposed livers, These results, likewise, 
appear to indicate a difference in the mechanism of action be- 
tween ethanol and fasting, although both stresses appear to 



Table L Albumin Synthesis in the Perfused Rabbit Liver 



Parameters 


Fasted rjonof 
Control Perfusate 
■ - — 


Fed Donor - 
Alcohol Perfusate 


Album in synthesis 


Decreased by ' 
40*50'* • 


Decreased by 

40-501 


Loss of RNA _ 


30% 


9% ' 


Bound polysome 


' Disaggregated 


Disaggregated 


Free polysome 


Unaffected 


Unaffected 


Response to amino 
acids 


Albumin synthesis in- 
creased to rates exceed- „ 
ing control ; partial to 
complete reaggregation 
of hound polysome 


Albumin synthesis in- 
creased to rates ap^ 
proachmg control - 
partial reaggregation of 
bound polysome 



t* 
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product a depression, in the degree of endoplasmic membrane- 
bound polysome" aggregation and an equivalent alteration or 
depression n albumin synthesis. 

When ti« cresses of fasting and ethanol exposure are com bined 
(table 5), thd depression in albumin synthesis and urea synthesis is 
even more marked than that seen with either stress alone, The 
endoplasmic membrane-bound polysome is disaggregated, and so 
H is the free polysome. The amino acids that were effective in re- 
versing either stress alone are not ineffective, although a combina- 
tion of spermine and arginine did produce significant recovery, 
not only in terms of polysome aggregation, but also in terms of 
the capacity for albumin synthesis, 

In order to study the effects of acetaldehyde on albumin an^- 
urea synthesis, as well as the degree of polysome aggregation, 
various techniques were employed, Acetaldehyde was infused 
continuously to maintain the input level at approximately 2 mg% 
by an infusion rate of acetaldehyde 3-percent weight by volume 
of 83.3 Ml/100 ml portal perfusion rate. At time zero, the con- 
centration of acetaldehyde at the outflow from the liver averaged 
approximately 0.6 mg/100 ml and, at the" end of the perfusion 

Table 5, The Effects of the Combination of Fasting Plus Ethanol 
on Albumin Synthesis* 



' ' Albumin Synthesis Urea Synthesis Degree of Bound 

Perfusate ~~~~ ~ " Polysome 

(% of control valuer) Aggregation 



Control 


100 


100 


100 


'Ethanol 


59 


38 


10*48 


Ethanol- # 

;-A,AV ■■" 


59 v ,= 


31-65 


No reaggregation 


EthanoN 
. spermine 


180 




90 


Ethanol - 








^sperminei- . 
arginine* 


260 


167 


100 


"Ethanol 200 mg%. 


f ' 






Arginine and A* A. 10 mM. 









Spermine 1 mM, * 
^£ degree of hound polysome aggregation averaged 48%. 
♦Values for albumin synthesis in livers from fasted donors averaged 8-9 mg 
-and 42-62 mg/100 g wet liver wt/hr respectively. 
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.Table 6, Effects of Acetaidehyde on Albumin Synthesis in Livers 
From Fed Donors 



Perfusate 




Albumin Synthesis Urea Synthesi; 
(% of control values) 


i Degree of Bound 
Polysome 
Aggregation 


Control i 


(11) 


100 


100 


100 


Ethan ol 


(8) 


50 


64 




Acetaidehyde 


(8) 


50 


S3 


100 


4-MP 


(3) 


109 


140 


102 


Ethanol + 
4-MP 


(6) 


55 


55 


* 84 


Acetaidehyde * 
4-MP 


(6) 


64 


75 (NS) 


95 



^Number of studies indicated by ( ). 
Ethanol 200 mg%, 
Acetaidehyde 2 mg% 4 
4-MP ^4-methylpyrazole 1,5 mM, 



Control Values: 

Albumin and urea synthesis were 22 and 36 mg/100 g wet liver wt/hr 
respectively, * 

The degree of bound polysome aggregation averaged 62 percent, 
NS not significant compared to the acetaidehyde group. The absolute 
figures were for acetaidehyde, ,19 t 3 mg/hr/100 g; fo£ acetaidehyde + 
4-MP, 27 t 3 mg/100 g/hr 4 



2,5 hours later, was approximately 0*8 mg/100 ml. This level of 
acetaidehyde decreased albumin and urea synthesis but did not 
alter polysome aggregation in livers from fed donors, 

In. a second method, 4-methylpyrazole (MP), 1.5 mM, was 
added to the ,in f usi on-con tainin g ethanol, 200 mg%. This level of 
4-MP reduced ethanol oxidation by 85 to 95 percent but failed 
to improve albumin synthesis over the values seen with ethanol 
alone. Further, when acetaidehyde and 4-methylpyrazole were 
perfused together, there wasSio improvement in albumin or urea 
synthesis* Thus* iji livers from fed donors, acetaidehyde did prove 
toxic to albumin and urea synthesis. The addition of 4-methyl- 
pyrazole to acetaidehyde or to the ethanol-containing perfusates 
failed to improve either parameter significantly, although the 
degree of polysome agpegation^was significantly improved with 
the combination of 4-MP plus ethanol oyer the 'aggregation seen 
with ethanol alone, - ■# _ 
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Livers derived from fasted donors, however, yield results signif- 
icantly different from those seen with fed^donor liver preparations. 
The effects of inhibiting ethanol oxidation with 4-methylpyrazole 
reversed the ethanol inhibition of urea synthesis, and albumin 
synthesis returned to the levels seen in livers from fasted donors 
per se (in the original, or naive, state). Likewise, the degree of 
polysome disaggregation was reversed and found to be the same as 
that observed in livers from fasted' donors. In the absence of 
ethanol, the effect on albumin and urea synthesis and polysome 
aggregation of the combination of 4-methylpyrazole plus acetal- 
dehyde was essentially the same as that observed with acetaldehyde 
per se. Thus, in contrast to results seen in livers from fed donors, 
the addition of 4~methylpyrazole, an agent capable of inhibiting 
ethanol oxidation, appears to revejse the major effects of ethanol 
on albumin and urea synthesis as well as the effects on polysome 
disaggregation. 



Table 7, Effects of Acetaldehyde on Albumin Synthesis in Livers 
From Fasted Donors 



Albumin Synthesis Urea gynfcnesU Degree of Boui 
Perfusate Polysome 
{% of control values) Aggregation 



Control 


(6) 


IPO 


100 


100 


Ethanol 




* 63 


32 


53 


Acetaldehyde 


(7) 


100 


100 


100 


4-MF 


(4) 


100 * 


100 


108 


Ethanol + 


(5). 


100 


84 


86 


4-MP 










Acetaldehyde 


*(§) 


130 


90 


90 



4*M F 

Number.of studies indicated by ( ), t 

Ethanol 200 mg%. 

Acetaldthyde 2 mg%, . . % 

4-MP m 4 -methylpyrazole 1,5 mM. * 
Fasted conteol values for albumin and urea syntheiis averaged 11 and SO mg/ 
100 g wit liver wt/hr respectively \ the average degree of bound polysome 
aggregation was 49%, 
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Discussion 

Acute and chronic toxicity from ethanol consumption is ob- 
viously a major health hazard throughout the world, and in order 
to understand the effects of ethanol intake on various aspects of 
intermediate metabolism, it will be necessary to focus on specific 
points. The long-term exposure of the whole animal to ethanol 
intake, even if dietary management is carefully regulated, is still a 
highly complex picture. Many factors, including nutrition and 
alcohol, hormone levels, and blood flow, as well as protein de- 
gradation, immunological changes, and genetic predisposition, 
may effect the end parameter that one is trying to assay (14), It is 
obvious that experimental models— whether they be isolated 
perfused livers from a variety of species or hepatocyte cell 
cultures— differ from each other and also differ from the in vivo 
situation. But it is only through systems such as these that we 
will be able to uncover the specific effects of the metabolism 
of ethanol. , 

During the metabolism of ethanol, there is disaggregation of the 
endoplasmic membrane-bound 6 polysome, a decreased rate of 
synthesis of serum albumin, and a decreased rate of incorpora- 
tion of other labeled amino acids into proteins for export 
(15,16,17,18,19). The synthesis in urea is -markedly inhibited, 
although the mechanism of this action is not known, Krebs and 
his associates have indicated that the metabolism of ethanol 
diverts ammonia from alanine (or from added ammonia) from the 
synthesis of urea to the synthesis of aspartate, glutamate, and 
gjjtamine aid have shown thai excess ornithine may abolish the 
Jfibu^gtdiMojnL M^M^te_(201 Any inhibition at any ste p in t he 
urea pyclq will obviously decrease the rate of synthesis of urea; 
hence this would be one explanation. 

Further, the data presented in this paper indicate that spermine 
plays an important role in the protein synthetic mechanism;" thus, 
a decrease in the availability of ornithine, a precursor to the 
synthesis of the polyamines, would decrease, the synthesis of 
spermine. The polyamines have been shown to play important 
roles in many aspects of protein synthesis and cellular regenera- 
tion (20,21,22,23,24,25,26,27,28), Obviously, there must be 
many other possible explanations for the effects of ethanol on 
urea and/or on albumin synthesis; this is simply one hypothesis, 

The acute effects of ethanol on the liver's ability to synthesize . 
albumin depend on the nutritional state of the liver/ to livers 
from fed donors, ethanol decreases ^both albumin and urea as 
well as the synthesis of 4 other proteins-for export. These effects 
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on urea and albumin synthesis can be reversed by some, but not 
all, amino acids administered to the liver in 10 nxM quantities,. 
Furthermore, the acute effects of ethanol can also be reversed 
simply by * transferring the liver to a perfusate that no longer 
contains ethanol. These observations certainly indicate that the 
acute effects of ethanol are transient, and that, although the 
mechanism o£ action of excessive amino acids can only be 
speculated upon at present, permanent damage to the protein- 
synthesizing system for proteins .for export is not caused by 
exposure of the liver to even these high levels of ethanol. * 

However, when the liver is derived from a fasted donor, the 
^effects of the combined stresses of fasting and ethanol are much 
more severe. The addition of excess amino acids, which were 
capable of reversing the effects of ethanol in livers from fed 
donors, is no longer effective. The endoplasmic membrane^ 
bound polysomes are disaggregated, and the free polysomes are 
also disagpegated. It is quite possible that these free polysomes 
are responsible for the synthesis of the pre- and pro-peptide 
portions of the albumin molecule, a peptide thought to play a 
role in the signal hypothesis. This hypothesis suggests that the 
pre- and pro-peptide that initiate the attachment of the ribosome 
to the endoplasmic membrane to provide a means of egress for a 
protein destined for export (29,30,31,32,33,34). Spermine Mid 
arginine are likewise ineffective in completely reversing these 
effects, although spermine does result in some reaggregation of 
the bound polysome. Spermine plus arginine in livers from fasted 
donors exposed to ethanol does, however, result in significant 
improvement of the rates of albumin production, again pointing 
up the importance of these two substances in the schema of 

— protein synthesis, ., ___ " 

Not only are the effects of ethanol dependent on the nutritional 
status of the liver; acetaldehyde shows' an even greater nutritional 
dependence. Acetaldehyde per se inhibits albumin synthesis in 
livers from, fed donors, but it does not have any effect in livers 
from fisted donors in terms of reducing albumin synthesis, 
Further, - 4 -methy lpy razole does not reverse the alcohol-induced 
inhibition of albumin synthesis in livers from fed donors, but it 
does reverse the effect in livers from fasted donors. These observa- 
tions certainly point up the importance of a clear definition of 
the nutritional status of the liver, if effects of ethanol and acetal- 
dehyde are to be understood and clearly elucidated. 

Another question raised by these particular studies is the role 
of acetaldehyde in mediating the inhibitory effects that ethanol 
produces in albumin and urea synthesis. Acetaldehyde reduced 
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albumin and urea synthesis in livers from fed donors, but it 
failed to cause the endoplasmic merribrane^bound polysome 
disaggregation seen with ethanol. Further, in livers from fasted 
donors, aeetaldehyde had no effect in lowering albumin and urea 
synthesis below the levels seen with fasting per se; ethanol was 
even more toxic in these livers. These results certainly do not 
support the concept that aeetaldehyde is the direct mediator of 
the toxic effects of ethanol. 

The data with 4-methylpyrazole inhibition of ethanol oxida- 
tion likewise provide evidence favoring a separate mechanism of 
action for ethanbl and for aeetaldehyde. Using livers from fed 
donors, 4 -MP inhibition of ethanol oxidation prevented endo- 
plasmic membrane^bound polysome disaggregation, but albumin 
and urea synthesis remained depressed. This same result was also 
found with aeetaldehyde infusions. However, with livers from 
fasted donors, 4-MP decreased the effects of ethanol, a finding 
that might support the conclusion that aeetaldehyde was respon- 
sible .for ethanol toxicity in this model-except that, in s the 
-fasted state, aeetaldehyde per se was without toxicity, These 
studies thus provide no evidence to support the concept that 
aeetaldehyde per se mediates the acute toxic effects of ethanol \n 
albumin synthesis and on urea synthesis, The metabolic intercut 
version from ethanol through aeetaldehyde to acetate involves a* 
variety of mitochondrial and cytosol energy and electron transport 
changes. It is quite conceivable that these intermediate metabolic 
consequences of the liver's ability Ho metabolize ethanol prefer* 
entially are responsible, in some fashion, for the alterations in the 
parameters noted, ■ 

These acute studies shouM in no way be confused with the long- 
range effects of ethanol consumption on the development of 
_ he P a ! ic . diseased Cirrhosis of the liver is a highly complex hemo- 
dynamic disorder, characterized not only by altered protein 
production for export, but also by increased collagen synthesis ' 
(35,36,37,38,39);* by possible changes in tofel hepatic cellular 
nitrogen, which may actually increase; by the development of • 
markedly distorted intravascular channels; by portal hypertension; 
arid by the disastrous consequences of all these results. However,' 
first steps must be made, and effective models must be chosen tp - 
evaluate, as carefully as possible, the specific effects of any one 
toxic or metabolic agents j , » ' . 
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Rate-Determining Factors for 
Ethanol Oxidation in Vivo and in ' 
Isolated Hepatocytes 



Neal W* Cornell, Kathryn E, Crow, Mary G* Leadbetter 
and Richard L. Vetch ' 



Abstract 

A literature survey indicates that the rate of ethanol metab* 
oiism In rats in vivo is about 3 /imol/min/g liver,* and similar « 
rates are observed when isolated hepatocytes from fed or 48-hr- 
starved rats are incubated with substrates such as lactate and 
pyruvate, In the absence of substrates, however, hepatocytes 
from starved rati oxidize only 0.75 ^mol of ethanol/min/g, and 
with cells from fed rats the rate is 1,9 /imol/min/g, Glucose pro- 
duction can be blocked by tryptophan or quinolinate without 
affecting^ the substrate-stimulated ethanol oxidation, so the latter 
does not depend on an increased ATP utilization for glucose 
synthesis. Metabolite measurements Indicate that substrates 
return the rate of ethanol metabolism to that seen in vivo by 
causing a restoration of the malate aspartate shuttle intermediates 
depleted during cell preparation, It is emphasized that, although 
the malate-aspartate shuttle may be rate determining for etHanol 
metabolism by hepatocytes under some conditions, this is not 
the case in vivo. Alcohol dehydrogenase (ADH) is present in rat 
liver at 1,5 times the activity required to account for the rate of 
ethanol metabolism in vivo, suggesting that the level; of ADH . 
could be a major rate-determining factor, T6 test this suggestion, 
we conducted a kinetic characterization of rat liver ADH and 
found that ethanol oxidation via this enzyme is sufficient to 
account for observed r%tes of elimination in rats in vivo, jiome 
" TmpUcations of our results for ethanol metabolism in humans* 
"are discussed, " , 

S ft 

* 

It iff generally apeed thft Alcohol dehydro jena|e (ADH) is the 
major enzyme catalysing ethanol oxidation in mammalian liver, 
but some uncertainty remains concerning the cellular factors that 
determine the rate of ethanol metabolism in vivo, One proposal i§ 



♦Wet weight. 



315 



316 ■ 



CORNELL ET AL. 



tl\ai ethanol oxidation is ultimately limited by the rate of NAQH 
reoxidation in the mitochondrial respiratory chain (26,36), This 
proposal is based,, in part, on the observation that substrates for 
glucose synthesis accelerate ethanol oxidation, and the accelera- 
tion is thought to result from the increased ATP utilization for 
glucose production! Alternatively, it has been suggested that 
ethanol oxidation, particularly in the fasted state, is limited by the 
activity of the shuttles that transfer reducing equivalents from the 
cytosol into mitochondria (36). It is implicit in both of these 
-proposals that the rate of ethanol oxidation is limited by level of 
cytosolic NADH and, therefore, by the rate of the ADH reaction. 
However, largely because of poor correlations between ADH levels 
measured in vitro and rates of ethanol metabolism in vivo, it has 
often been stated (20,44,52) that the level of ADH activity is not 
a major rate-determining factor. This report summarizes experi- 
ments in which we have examined the roles of ATP t turn over, the 
malate-aspartate shuttle, and the level of ADH activity in deter- 
minings the rate of ethanol metabolism in the rat, 

i 

Ethanol Metabolism In Isolated Hepatocytes 

Previous experience with isolated hepatocytes has shown that 
these cells, when well prepared, retain the metabolic capacities of 
the intact liver (see, e.g., 25). To have some idea of the rate to be 
expected with isolated hepatocytes, we compiled 20 values for 
the rater of ethanol metabolism in vivo (table 1). Two of those 
values are from separate studies in our laboratory, and the re- 
mainder are published values from other laboratories. We take 
the mean of all 20 values, 8.3 /imol/min/g liver, to indicate the 1 
rate of ethanol metabolism in vivo. However, as seen in table 2 
and elsewhere, (9,26,36), when hepatooytes prepared from fasted 
rata were incubated without other substrates, the rate of ethanol 
metabolism was only 0.7 to 0.8 Mmol/min/g wet weight of cells, 
"The~"additi6n- of- lactate to these- incubations increased the rate 
2-1/2 times, and pyruvate restored the rate to that seen in vivo". 

To test the suggestion that lactate' or pyruvate stimulates 
ethanol oxidation ipy creating an ATP demand for gluconeogenesis, 
>ve conducted experiments with quinolinate and tryptophan. 
These compounds block gluconeogenesis in the rat by inhibiting 
phosphoenolpyruvate carbqxykinase, thereby preventing two- 
thirds of the ATP utilization required in the synthesis of glucose" 
from lactate or pyruvate (43,48). In our experiments (table 2), 
quinoliriate and tryptophan both effectively decreased glucose 
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Table 1, Rates of Ethanol Metabolism in Fits in Vivo 



D' t Rate 
Reference Sex Strain ™ > (tfmol/min/ ±SEM 

state i . * 

g liver) 



41 Female Sprague^DawIey Fed 3,33 

34 a Fed 4.21 

39 Fed 3.25 

46* Fed - 3.94 

24 No Information 2,25 

16 Wistar" Fed 3.87 



3.48 + 0.29 



32 


Male Sprague-Dawley 


Fed 


3,1 


31 




Fed 


3.15 


27 




Fed 


2,91 


1 




Starved 18 hr 


. 2,65 


38 




Starved 24 hr 


* 3.25 


47 




Starved 48 hr 


4. 


16 


Wistar 


Fed 


3.23 


19 




Fed 


3,6 


21 




Fed 


r 3.37 


13 




Fed 


3.6 


23 




Starved 17 hr 


3,7 


49 




Starved 


3.12 






16-18 hr ' 




17 




Starved 24 hr 


2.4 


35 


Wistar x Piebald 


Starved 12 hr 


2.91 



3.21 0,11 



3:29*0.12 



synthesis, but neither^ inhibitor had any effect on the lactate- or 
pymvate-stimuiated rate of ethanol metabolism, ,, 

We obtained equivalent results with hepatocytes prepared from 
fed rats (table 3)* In these cells, also, lactate stimulated ethanol 
oxidation and increased glucose production; quinolinate blocked^ ' 
the lactate-stimulated glucose production but had no effect on the 
rate of ethanol oxidation. These results indicate that the accelera- 
tion by lactate of ethanol oxidation does not, depend on an in- 
creased ~£TPdemand-te glucosejjyn thesis* 

The data in tables 2 and 3 are in contrast to those-of Meij«?r_ 
et al. (36), who reported that quinolinate decreased the - 1 acta Un- 
stimulated rate of ethanol' oxidation, We are unable to explain 
this discrepancy. However, the conclusion drawn from our quin- 
olinate and tryptophan data is supported by results of experiments 
in whicb ethanol oxidation and glucose synthesis were rneasured 
at various lactate concentrations (figure 1), The major stimulation 
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Table 2, Effects of Substrates and of Quinolinate or Tryptophan 
on Glucose Synthesis and Ethanol Oxidation in Hepa- 
tocytes Prom Starved Rats 



Additions 



Rates (^imol/min per g wet wt of cells) 

leais 



Ethanol Oxidation 



Glucose Synthesis 



HEthanej 



+ Ethanol 



.None 


0,75 + 0,09 


0,07+0,004 


0,02+0,002 


Lactate 


1,86 + 0,07 


i O,59±O,03 


0,39+0,03 


Lactate, 








quinolinate 


1,83 + 0,09 


046 + 0,02 


0,04 ±0,003 


Lactate, 








tryptophan 


1.88±G.G7 


0,21+0,03 


Q,08±0.Q2 


Quinolinate 


0,03+0,07 




0,02+0,002 


Tryptophan 5 


1,01+0,10 




0.02 ±0.005 


Pyruvate 


2.78 + 0.14 


0.61+0,03 


0,83±0,03 


Pyruvate, 4 






^0,41+0,01 


quinolinate 


2.76±0.08 


0,35 + 0.02 


Pyruvate, 








tryptophan 


2.52 ±0.18 


0,34 ±0.03 


0,47 40,03 



Cells, prepared from 48* hr starved, male Wistar ratSi were mcubatjd for , 
60 pin. Initial concentrations of substrates and inhibflorg were lactate, 
10 mM; pyruvate t 5 mM; tryptophan* 1 mM; quinolinate, 5 mM; ethanol, 
8 mM, where rates of ethanol oxidation or glucose synthesis in the presence 
of ethanol were measured. Rates are means ±5EM for 3-6 cell preparations. 



Table 3. Ethanol Oxidation and Glucose Produc- 
tion in Hepatocytes From Fed Rats 



Additions 



None 
Ethanol 

Ethanol, 

quinolinate 
Ethanol, lactate 
Ethanol, lactate, 

quinolinate 



Rates (/imol/min per g wet wt of cells) 



Glucose 
t Production 



1,47 + 0.09 
1,86*0,13 

1,84 + 0,21 
2,06±0.2J. 

1.72±0.20 



Ethanol 
Oxidation 



1.89 ±0.12 

1.79 ±0.28 
2.53 + 0.23 

2,37 ±0,20 



^Cells=were prepared from rats fed ad libitum on standar4 
chow, Other condTtioTOwe-as listgd in Table 2. 
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Figure .1. The Effect of Varying Lactate Concen- 
tration on Rates oT Glucose Synthesis 
* - and'EthanoI Oxidation 




LACTATE (mM) 



Cells from 48-hour starred rate were incubated for 20 
minutes, Controls (P) contained d mM ethanol lactate at 
the concentrations "indicated, and pyruyate at 0 1 of the 
lactate concentration. 0*her incubations contained in 
addition, o mM quinolinate (□), Each, point repres^ntr 
the mean of determinations on at least 3 different cell 
preparations. 
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in ethanol oxidation occurred at low lactate concentrations 
(0,5 mM and 1.0 mM) where, because of the presence of ethanol, 
glucose synthesis was not stimulated at all. At highlr lactate 
levels (2.0 mM to 10.0 mM), where rates of glucose synthesis in- 
creased with increasing lactate concentration, ethanol oxidation 
rates remained almost constant. The separation between the two 
processes was even more striking when quinolinate was present 
(figure 1). As with glucose synthesis, oxygen uptake continued to 
increase at higher lactate levels (table 4), indicating that an in- 
creased mitochondrial rate of reoxidation of NADH did accompany 
the increasing ATP utilization for gluconeogenesis. There was no 
concomitant increase in the rate of ethanol oxidation, which 
again indicates that NADH reoxidation via the mitochondrial 
electron transport chain is not a limiting factor for ethanol metab- 
olism in isolated hepatocytes, In this regard, it should be noted 
that from the stoichiometrics of ethanol oxidation, oxidative 
phosphorylation, and glucose synthesis, the maximum increase in 
ethanol oxidation that could be caused by ATP utilization for 
gluconeogenesis would be 1 mole of ethanol oxidized per mole of 
glucose produced. On comparing increments due to the presence 
of glucose precursors (table 2 and figure 1), it can be seen that 
the observed increment in ethanol oxidation is as much as 50 
times the increment seen in glucose synthesis.' 



Table 4. Effects of Substrates and Ethanol on 
Oxygen Uptake by Hepatocytes 



Relative Rates of 0% Uptake 



y*L«Ctate Added 

(mM) -Ithanol +8 mM Ithanol 

0 1 00 loo 

0 5 1,34±0,0B , 1.1840.05 

10 ' 1 4 .'J '0.07 1,31±0,02 

20 1,11 '0.07 1.41 ±0.03 

50 1.42 + 0.07 1.68*0.03 

10 .0 - 1,42 ±0.Q7 1.71 ±0.03 

Oxveen uptake was measured with a YSI model 53 oxygen 
monitor and the rate in the absence of added -substrates 
was assigned a value of 1.0. Calibration (3) of the monitor 
indicated that the absolute rate in the absence of substrates 
was^.3-2.5 /mioi <) 2 /min per g wet wt of cells. Addition 
of 8 ^iM ethanol alone had no effect on the rat. Pyruvate 
was added to all incubations to give an initial [ImJJWJ/ 
[pyruvatel = 10, Rates are given as means ±SbM tor 
four experiments. 



^ O 
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Role of the Malate-Aspartate Shuttle 

It is well known that some components of the malate-aspartate 
shuttle are depleted during hepatoeyte preparation (table 5 and 
Ref. 8), These metabolite losses are restored following the addi- 
tion of appropriate substrates, and the metabolism of isolated 
hepatocytes becomes rriore like that of the intact liver (8). The 
results in table 5 and figures 1 and 2 show that the effects of 
substrates on ethanol oxidation are closely paralleled by increases 
in a-ketoglutarate and, especially, glutamate. These data suggest 
that lactate accelerates ethanol oxidation in isolated hepatocytes 
by increasing the rate at which reducing equivalents are trans- 
ported into the mitochondria via the malate-aspartate shuttle, 
Exchange of cytosolic glutamate for mitochondrial aspartate is an 
essential process in the operation of this shuttle (2,45). The ex- 
change is catalyzed by a specific carrier, for which a glutamate 
K m of about 6mM has been determined with isolated mitochon- 
dria (45), In our experiments, total cellular levels of glutamate 
ranged from 1,3 Mmol/g wet wt to 4,0 ^mol/g wet wt. (table 
5, figure^). Assuming uniform distribution of glutamate through- 
out the cell, these levels of glutamate would correspond to 
cytosolic concentrations of 2mM to 5mM, These levels are 



Table 5. Content of Malate- Aspartate Shuttle Components in 
Freeze-Clamped Rat Liver and in Isolated Hepatocytes 



Dietary 
State 



Shuttle 
Component 



Content* (£imol/l wet wt) 



Freeze-Clam^ed 
Liver 



Hepatocytes 



Freih 



Incubated^ 



Fed 



Starved 48 hr 



Glutamate 
a-Ketoglutarate 
Aspartate 
Malate 



Glutamate 
ft *Ke t oglu tara te 
Aspartate _ 
Malate 



3,21±0,10 
0,28*0,01 
0,55*0,04 
0.29 + 0.02 



2.32 + 0,16 
0,06*0.006 
0.60*0,05 
0,27*0.04 



0,84 + 0,14 
0.16±0.02 
0.63*0.09 
0.12 + 0.02 

0,36 + 0,04 
G.09±0.03 
0.08*0,01 
0.04*0.01 



3.76*0.42 
1,40*0.09 
0,21*0,03 
1,45*0,11 



3.80±0.11 
2,05*0.06 
0,19*0.03 
1.72*0,14 



a Values are means *§EM for 9 freeze -clamped livers or 6 dell preparations 

from male Wistar rats, 
^Hepatocytes were incubated 20 min jvith 10 mM lactate, 1 mM pyruvate, 

and 10 mM ethanol; see also figures 1 and 2. 



322 



CORNELL ET AL. 



Figure 2. The Effect of Varying Lactate Concentration on 
Glutamate and a-Ketoglutarate Contents 




4 6 8 10 



LACTATE (mM) 

IncuWtion' conditions and substrate concentrations were as listed for figure 1 . 
(o, •) were control incubations, and (□*■) contained quinolinate, Glutamate 
is indicated by (Q»d) and a-ketoglutarate by (•,■), 

below the glutamate K m for the glutamate-aspartate carrier, so it 
is possible that the rate of operation of the malate-aspartate 
shuttle and the resultant level of free cytosolic NADH are de- 
pendent on the glutamate concentration. This would explain the 
particularly close correlation between gllitamate concentration 
and rates of ethanoi oxidation with varying lactate levels. 

We have also observed that lysine, in the presence of lactate, 
will increase the rate of ethanoi oxidation. It was previously re- 
ported that lysine accelerates the recovery of cellular glutamate 
following hepatocyte preparation, thereby stimulating glucose 
synthesis from 10 mM lactate and reversing the ethanql-induced 
inhibition of gluconeogenesis (8). In the present experiments, the 
addition of 2 mM lysine to hepatocyte incubations containing 
10 mM lactate and 8 mM ethanoi increased the rate of ethanoi 
oxidation from 1.9 to 2.5 Mmol/min/g wet wt. This observation 
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supports the conclusion that the stimulatory effect of substrates 
on ethanol oxidation results from increased activity of the m al a te- 
as partate shuttle. 

On relating our results or those from other studies with isolated 
cells to ethanol metabolism in vivo, it is important to note that a 
variety of conditions or substrate combinations will accelerate 
ethanol oxidation in hepatocytes; but, even in the presence of 
accelerators, the highest rates are similar to those in vivo, i.e., 
2,6 jumol/min/g to 3,3 /imol/min/g (see, for example, tables 1, 2, 
and 3, figure 1). Only at that point— where the hepatocyte rate 
is similar to the rate in vivo— does it become possible to draw 
inferences about factors that are rate determining in vivo. We 
know ""of no experimental condition, either from our studies or 
from others, that will cause rates of ethanol metabolism in hepa- 
tocytes to be greater than those in vivo, suggesting that, when- 
maximally stimulated, the rate of ethanol oxidation by hepa- 
tocy tes is determined by the same factors operating in vivo. From 
hepatocyte experiments showing high rates of both gluconeogenesis 
and urea synthesis (25), it can be estimated that the rate of the 
malate-aspartate shuttle can be at least as high as 8 /imol/min/g 
to 10 jumol/rnin/g cells, or about 3 times the rate of ethanol 
oxidation in vivo, Moreover, although starvation does not greatly 
affect* hepatic contents of glutamate, aspartate, or malate, hepa- 
tocyte preparation causes these to be drastically depleted (table 5). 
Thus, although the activity of the malate-aspartate shuttle appears 
to be rate limiting for hepatocytes in some instances, that is 
probably not the case in vivo where extensive depletion of shuttle 
metabolites does not normally occur and where, as discussed 
below, rates of ethanol metabolism are as fast as the level of ADH 
will allow with the prevailing substrate concentrations, 

The Role of Alcohol Dehydrogenase in Vivo 

It has been reported previously that the content of ADH in 
git liver is either much peater (52) or less (28,29,30,37) than 
the amount required to account for ethanol metabolism in vivo. 
In contrast (table 6), we find that the activity is sufficient to 
catalyze ethanol oxidation at a rate of 5 /imol/min/g liver or 
only 1,5 times the rate in vivo (table 1). The rat liver enzyme 
appears to be more labile than other ADH f s s and recovery of'full 
activity in homogenates requires the presence of a sulfhydryl 
reagent such as dithiothreitoi (10,33); The view that hepatic ADH 
activity is excessive may stem, partly from a reported activity of 
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Table 6. Alcohol Dehydrogenase Activity in Rat Liver 
Homogenates 



A, Forward reaction 

Ethanol * NAD* •« Acetaldehyde + NADH + H + 

Activity: 5,05 i. 0,21 (n - 26 ) 

fi. Reverse reaction 

Acetaldehyde * NADH * hT - Ethanol + NAD* 
Activity: 25.5 ± 3.0 (n s 9) 

C, Ratio of B/A: 5,02 ± 0,35 (n = 9) 

Alcohol dehydrogenase activity is given in units of jumol of substrate 
converted /min'g wet wt of liver, 

150 ^mof/min/g, which, however, was determined with lactalde- 
hyde, an artificial accelerator of the reaction (42). Another source 
of this view could he the frequent measurement of ADH activity 
in the direction of acetaldehyde ethanol, for which the rate is 
5 times greater than in the direction of ethanol oxidation (table 6). 

The similarity between our measured levels of ADH activity and 
the average rate of ethanol elimination in vivo suggested to us that 
ADH could be an important rate-determining factor (9,10), and 
Pkpp (40) has recently reviewed evidence that led him to make 
the same suggestion, In order to test this suggestion, we conducted 
a kinetic characterization of rat liver ADH that, like other ADH's 
(54), shows the pattern of product inhibition indicative of an 
ordered bi-bi reaction. The rate equation describing this reaction 
mechanism is shown in table 7. Table 8 contains our values for 
the equilibrium constant and the eight kinetic constants deter- 
mined under physiological conditions of ionic strength, pH, and 
temperature (7). In addition to these constants, solutions, to the 
rate equation require values for the cellular [NADt],* [NADH], 
and [acetaldehyde] when the liver is presented with a specified 
[ethanol] * We have previously shpwn that when isolated hepato* 
cytes are metabolizing ethariol at rates such as those seen in vivo, 
[acetaldehyde] is about 1 juM (9), and we assume that a similar 
concentration m characteristic of the liver in vivo, Bucher (4) 
has calculated that free cytosolic [NAD + ] in rat liver is 0.6 mM; 
and, with that value, the free cytosolic [NADH] can be obtained 
from lactate and pyruvate measurements and the equilibrium 
expression^ for the lactate dehydrogenase reaction (53). 



Brackets denote concentrations. 
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Table 7, Steady State Rate Equation for an Ordered 
Bi-Bi Reaction 

_ VfV f (AB-PQ/K tfq ) 

V f K !} P V f K p P 



V r K l4 K b + V r K b A + V r K a B * V r AB * ^ 



^tq 



V f K q AP V f PQ V r K a BQ V r ABF V f BPQ 



KeqK ia K tfq K iq K ip K ib K 



Definitions: 

Vf and V r are, respectively, the maximal velocities in the forward 
and reverie directions. A = [NAD* ] . B = ~[Ethanol]. P"= [Acet- 
aldehydej, Q * [NADH] . Ks are limiting Michaelis constants 
and Ki'a. are dissociation or inhibition constants. K e q is the 
equilibrium constant* For discussions of these definitions and 
the mechanism of the alcohol dehydrogenase reaction, see refer- 
ences (5,54 ), 



Table 8* Equilibrium Constant and Kinetic Constants for 
Horse and Rat Liver Alcohol Dehydrogenase 

Value (mM) for Enzyme From 

Kinetic Constants 



Horse Liver a Rat Liver 11 





0.017 


0,150 ±0,019 , 


Ki a 


0,268 


" 0.265 ±0.007 


K„ 


0,55 


1.07 ±0,075 


Kib 


19.4 


20,3 ±3,5 




0.24 


0.049 t 0,007 


Kip 


, 0,087 


0,134 * U 007 


K q 


0,027 


0,0053 if 0Q19 




0,015 


0,0023 0,0009 


Equilibrium constant (Kg q ) € 


1,94 x 


10^4 



* Values from reference (54), determined at pH 7,15, 25 , 
b Determined at pH 7.3, 38 s , I - 0,25, 

^Determined with crystalline yeast alcohol dehydrogenase at 38 
pH 7 t and I » 0,25. Value given is for pH ■ 7,0, 



302-7U-J p - 79 - 22 
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In this way, we have obtained solutions to the rate equation at 
various [NAD*]/[NADH| ratios and acetaldehyde concentrations. 
In the range of 1 fiM to 10 mM acetaldehyde and cytosolic free 
[NAD*]/[NADH] - 200 to 400 (values commonly found when 
, the liver is metabolizing ethanol), it can be seen (table 9) that the 
rate of ethanol oxidation in the ADH reaction is very* close to the 
average rate of ethanol metabolism in vivo. This, result supports 
our suggestion that ADH is a major rate-determining factor for 
ethanol oxidation, and it also provides kinetic confirmation of the 
value for free cytosolic [NAD* ] that Bueher (4) calculated from 
near -equilibrium considerations. 

In this analysis we have given no consideration to the possible 
- contribution of non-ADH systems; but, for two reasons, we 
believe that ethanol oxidation by those systems is less than 10 per- 
cent' of the total. First, with isolated hepatoeytes incubated 
under conditions where the control rates are similar to those 
in vivo, ethanol oxidation is inhibited by 92 to 95 percent by 
4-methylpyrazole (9) or 4-pentylpyrazole (6), Second, isotope 
studies with liver slices from monkeys and from naive or ethanol- 
treated rats also indicate that 90 percent or more of ethanol oxida- 
tion occurs via ADH (18), 

As a test' of our analysis, we have calculated the rate of ethanol 
oxidation predicted from the kinetics of ADH and compared this 
value with rates in vivo measured in studies where, at minimum,, 
[lactate] /[pyruvate] ratios and [ethanol] were also available. 
For the first six studies shown in table 10, the average difference 
between the predicted and measured rates is ±15 percent, which 
is remarkably good considering that those studies were done in 

Table 9, Effect of [Acetaldehyde] and [NAD + ]/[NADH] on 
Calculated Alcohol Dehydrogenase Activity 



Cytosolic [NAD* ]/[NADH] 

Aeetaldehyde 

(mM) 500 400 300 200 ,100 

(rates of ethanol oxidation /Jmol/min/g liver) 



8,001 


3-58 


3,50 


3,38 


3,16 


2,64 


0.005 


3,47 


3,39 


3,27 


3,05 


2,52 


0,010 


3,34 


3.26 


344 


2,91 


2,39 


0,020 


3,10 


3,02 


2,90 


2,67 


2,14 


0,050 = 


2,53 


2,45 


2,32 


2,09 


1.52 



Calculations were made with free eytosolie [NAD* ] = 0,5 mM and [ethanol] = 
10 mM, For comparison, the average rate of ethanol metabolism in vivo = 
3,3 /im©l/min/g liver. 



'fable 10, Comparison of Rates of Ethanol Metabolism Measured In Vivo 
With Those Predicted From the Kinetics of ADH 



Concentration (pM) Mn (pmol/min/y) 

Reference Condition ■ , 



Acetaldehvde ■ Predicted 

NA 



7 J m 3 10 

^ diU 4 5 0 0.75 



19 Control 10 i 405 151 3.59 098 

Clotlbrate 10 366 3,47 3.71 0.94 

1? 24=1 139 5,10 2,28 1.38 

$<HIH 51,3 200 3.47 2,49 1,39 

13 Control 22 0,015 192 3,09 3.6 0 85 

Nicotinamide 22 0.01.0 * 164 3,49 3.6 0J7 



T T 



6J ■ m s 

30 «*» 4.5 211 2.81 1 1_ 

41 Control 7 299 3,23 3.33 0 97 

imm 7 329 , 3.27 3.43 0.9a 
(14 days) ""■ " ■ '"" 

39 Control 6 500 3,33 3 33 1 00 

Aminooxyacetati 10 122 m 1,44 1,55 

12 ANA ' 29,5 0,217 230 1.32(3.50) 3,58 (0,98) 

AA 13,7 0,117 230 1.93(3,49) 3.42 (1.02) 

14 R 15 0,173 196 1.12(3,27) 3.43 (0,95) 

BR 15 0.136 83 0.65(2.58) 3,1? (0.81) 



Predicted rates are calculated from the rite aquation in table 7, constants in table 8 with free cytosolic 
[NAD 1 • 0.6, mU and [acetaldehyde] - 1 0 in those instances whirl ho value was reported, For the 
nicotinamide pup, free cytosolic [NAD * J was taken as 2,0 mM, 
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live different Jab 

. "1 tissues 'i?r* "" d ""factual product e , mphasized ">e 
tat- of ethauol m , theit lit! '." a c«ald enydc 

the basis of total liv <S °" D «cu«sio n ) thaf by th <' °.*erva- . 
Nation, ifetrt Mhecon ^^mrf PreSSedon 
a ^ wc estimate thaHX ,h ? (> Nation wf ^ by 

1 iii iea rats, 

Implications for mu 

- £t hanoI Metabolism ,„ w 
Our studies ha H umarj S 

- th e rat, he at ^ ^^certed with ethanoi mete K ,- 
appears -to have no 1 ,s unusu ai in this nil rnetab ol>sm | n 
^y mesof n h a ^ "° »Wn« (22). I n contrast T^" 1 fa that " 
^ique kinetic D * M Plu* m «2Sf ^ muIti ^ 

^aterLnw^f™ ' y m „ for ethanouj JSn ' nd f du ^ with 
«** against Z ^Z^V^ 1 ^ZtuX "c£ t0 5 U ^ 
mfa tag..in vivo is tS "' 100 that the ^vel of ADH aigUment 
5«ased in Peop ^ ^ ^ of ethano] e °f m ^^ rat * deter- ■ 
however, that the K \ the . atypical e „ 2yme _ ^5jn » not in- 

ethanol oxulation a f d ttet ^K^^?f_ m I,V6r 

e,han °l elimination 
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, in humans could, m with the rat, be explained by the activity of 
ADH and no other considerations. 
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Discussion of Paper by Cornell et al. 



Dr, Bosron: One factor that we think may be particularly 
pertinent to .what Dr. Cornell has discussed is the effect of the 
nutritional state in, the rat on alcohol dehydrogenase activity. 
We have examined alcohol dehydrogenase activity measured by 
the methods of Crow, Cornell, and Veech, except thfat it was 
done at 25°, In figure 1 (panel on the left), we looked at specific 
activity expressed in terms of u/mg of cytosolic protein and u/g 
of liver, as a function of the day of fast as well with a calorically 
restricted diet. The specific activity was relatively constant . 

However^ if one looks at the total activity of alcohol dehydro- 
genase in rat livers, that is, the solid circles (panel on the rjght), 
one can see ftmt within about one4ialf day of fast, the total 
activity dropped about 40 percent. Note also that the total 
cytosolic protein and the grams of, liver also dropped similarly, 
thereby accounting for the constancy in specific activity on the 
left. 
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In figure 2, we fooked at the content of DNA in rat liver, also 
as a function of- nutritional state; and, as you can see on the left, 
it remained relatively constant. Hence, we believed that a reason- 
able way to express alcohol dehydrogenase activity is in terms of 
specific activities expressed as u/mg of DNA,*the open circles or 
as total activity, the closed circles. If one does it in this fashion, 
alcohol dehydrogenase activity is clearly affected by the nutri* 
'tional state of the rat, as rfUieh as 50 percent, 

Dr* Kulkosky: I would like to present a brief description of 
the results of art effort at a rat model of alcoholism; these results 
appear compatible with a limiting role for liver alcohol dehydro- 
genase activity in the regulation of ethanol intake. We attempted 
to induce excessive ethanol intake in the rat through a polydipsia 
technique. Rats were given free access to rat chow;- water, and a 
0.125-percent saccharin + 3,0-percent glucose (+1. 0-percent 
NaCl) solution (which rodents are known to consume daily in 
rather large amounts) (1), "After establishment of large daily 
solution intakes, ethanol was gradually added to the saccharin + 
glucose (+NaCl) solutions, from 0,5 to 10. 0 percent w/v. Very 
large mean intakes of efhanol resulted, as depicted in figure 3. 

Ethanol intake at first increases with ethanol concentration of 
the solution but then becomes relatively constant. With each 
additional increase in ethanol concentration, the rats decreased 
their solution intakes 'proportionally and increased their water 
intakes, such that a relatively constant ethanol intake resulted, 
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Mean g/k of body wt/d intakes of absolute ethanol of rati receiving saccharin * 
glucose + ethanol (solid circles) or saccharin +■ glucose + NaCl + ethanol (open 
circles) as a function of ethanol concentration (in % w/v), 

at a mean of approximately 7 to 8 g/kg/d. The model was not 
successful iii producing physical dependence on ethanol; no gross 
\ withdrawal symptoms resulted (2), 

At that time, I became aware of the determination by Drs, 
Cornell, Crow, and Veech of ethanol metabolic rates in vitro and 
^in isolated hepatocytes (3), Using the same strain of rats, they had 
obtained a measure of mean ethanol metabolic capacity of ap- 
proximately 8 g/kg/d, a value quite close to the mean maximal 
intake we were able to induce with our polydipsia technique, 

In order to test the postulate that the limitation of ethanol 
intake was related to the maximal daily ethanol metabolic rate, we 
employed the polydipsia technique in another group of rats and 
then sacrificed the animals* Drs, Cornell and Crow determined 
individual ethanol metabolic rates from liver homogenates in vitro. 
The results of this experiment are summarised in table 1, 

The correlation of observed intakes and predicted metabolic* 
rates was quite high, with a correlation coefficient of .93 (p < .01). 
Rata receiving ethanol had a 12.4-percent mean higher ethanol 
metabolic rate compared to rata drinking only the saccharin + 
glucose + NaCl solution. This rate was statistically nonsignificant. 
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In summary, the observed data' indicate that this free-choice 
polydipsia technique does not suceessfuliy produce physical 
dependence on ethanol in the rat, in spite of high daily ethanol 
intakes. It .appeaii trj^t, because of the rat's t intake regulation 
ability, gross intoxication and > withdrawal are not *producid* 
Rats do ftot exceed their daily ethanol metafciolic^ capacity for a 
sustained period when thgy have free choice of ethanol solution, 
food, and water, Howevejr, thre technique allows for examination 
of the effects of maximal* yoHtiprial consumption of ethariol 
by rats/ * .. 

*-■ "' * ■ 
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Multiple Molecular Forms of 
Human Liver Alcohol Dehydrogenase: 
Isolation and Properties of n-ADH 

. -j ' . ' . • •" * 

WiUam F* Bosron, Ting-Kai Li, Werner P* Dafeldecker, 
and Bert L. Vallee 

It is generally accepted that the pharmacological, addictive, 
and pathological consequences of alcohol consumption are di- 
rectly related to the chemical properties of ethanol and/or its 
metabolic products. Hence, knowledge about the enzymes re- 
sponsible for its elimination is fundamental to our understanding 
of the etiology and underlying mechanisms of alcoholism, These 
enzymes have not been available in suitable purity and quantity 
from human tissue until recently, so such knowledge has had to be 
extrapolated from studies in other species* primarily the rat and 
horse Moreover, a complex interrelationship, which has been dif- 
ficult tp unravel, exists between psychosocial and biological 
factors in alcoholism. Perhaps owing to these shortcomings, a bio- 
chemical basis for this disorder has remained obscure* Neverthe- 
less, there has appeared, in recent .years, increasingly convincing 
evidence indicating a genetic predisposition, not only for alcohol- 
metabolizing capacity, but alsp for both alcohol drinking behavior 
and alcoholism ; in some individuals. In this conttext, the study of 
the genetic variability of liver alcohol dehydrogenase (ABH) is of 
particular interest because it is the principal enzyme responsible 
for the oxidative metabolism of ethanol. 

The initial attempts to isolate ADH from human liver by Vallee 
and coworkers by ion exchange chromatography indicated that 
there are multiple molecular forms of the enzyme (1). Subsequent 
work in several laboratories confirmed this observation and dem- 
onstrated by starch gel electrophoresis that as many as 6 to 10 
ADH molecular forms are present in some liver homogenates (2,3, 
4), Interestingly, the number and the amount of the individual 
molecular forms vary from liver to liver as do total and specific 
enzymatic activities. To account for this variability aid multi- 
plicity of ADH forms, a genetic model for their formation as iso- 
zymes was proposed by Smith et al. (3,5). However, because the 
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model was baaed entirely on studies that employed crude homog- 
enatei of postmortem tissue without regard to cause of death or 
the relative stability of different ADH forms, its validity could not 
be accepted with certainty* Therefore, studies were initiated to 
compare the activities and electrophoretic patterns of livers ob- 
tained at biopsy with those obtained within 12 hoyrs of death 
from individuals dying from different causes (4). 

The specific activity of ADH was examined in 6 biopsy samples, 
33 autopsy samples from individuals who died from physical 
trauma, and 36 autopsy samples from hospitalized patient! v/ho 
died of cancer and other chronic illnesses (table 1), The mean 
specific activity of liver samples from apparently healthy in- 
dividuals was significantly higher than that from the hospital- 
ized patients, Thus,^4t was concluded that the health of an in- 
dividual before death is a major determinant of ADH activity in 
liver. Moreover, storage of high-activity liver specimens at tem- 
peratures above -20* C for extended periods of time also resulted 
in significant decreases in ADH activity (4)." 

Not only did the biopsy and the traumatic death-related au- 
topsy samples exhibit high specific activity, but most also con~* 
tained a previously uncharacterized molecular form of ADH (4), 
in addition to those isozymes previously described by Smith 
at aL (5). As shown in figure 1, this new ADH form was particu- 
larly prominent in autopsy sample A 5 and biopsy Samples Bg 
and B 3 , It was designated the u anodie band" because its elec- 
trophoretic mobility on starch gels was less than all previously 
described isozymes (including the qlol form), readily identified 
here in a liver specimen obtained from a premature infant, sample 



Table 1. Specific Activity and IT- ADH Content of Biopsy and 
Autopsy Specimens \ 



Source 


Number of 
Samples 


Specific 
Activity 


n-ADH 


Biopsy 


6 


(^mol/min/mg) 
0.082 ± 0,020 


{% of total) 


Autopsy, sudden traumatic 
deaths 


33 


0,070 ± 0.041 


15 ±9 


Autopsy, disease-related 
deaths 


36 


0,027 ± 0.017 


7 ±6 



0.1 M Glycine-NaOH, pH 10.5, 33 mM ethanol, 2.4 mM NAD*, 25* C 
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figure 1, Starch Gel Electrophoresis of Human Liver ADH Ob- 
tained from Autopsy (A) and Biopsy (B) Specimens 

K - origin 




• 0 

A 5 A 4 A^ A 4 B2 B 3 
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Starch gels were eleetrophofesced at pH 7,7 and stained at pH 8,5 with 100 
mM ethanoL The specific enzymatic activity (V) of the samples is expressed 
as umo\/m\n/mg protein. Specimen Ap was from the autopsy of a 3,5-pound 
premature infant who died 1 day after birth, Specimen A4 is phenotype 
ADH3I and specimens Ag, B 2 , and Bg are ADHg24, (Reproduced with per- 
mission of John Wiley and Sons, Inc* [13]), 



The relationship of the anodic band to high specific. ADH ac- 
tivity suggested that this form may contribute significantly to 
total liver ADH activity, In order to characterize the physical- 
chemical and kinetic properties of this new ADH form, a proce- 
dure to isolate large (milligrams) quantities of enzyme was devised. 
The material was separated from the other molecular formi by 
means of an affinity chromatography procedure using the 4- 
substituted pyrazole derivative, 4-( 3- [ N-6-aminocaproy 1 ] amino- 
propyl )-pyrazole (here abbreviated CapGapp), as the affinity 
ligand immobilized on cyanogen bromide-activated sepharose (6), 
Such pyrazole compounds have been shown to specifically bind 
and inhibit all mammalian alcohol dehydrogenases thug far < 
studied (6,9,10). . 




0 20 4Cf 60 80 100 120 



EFFLUENT. ml 

A liv#r h©moginate*fupernatant was purled ©n DEAE-cellulese (6,S) and 
applied to a 0,9 x 35 cm column of CapGapp-sepharose in 50 mM Na Pi, 
3 mM NAD + at pH 7 S §* ADH activity was determined with 33 mM ethanol, 
2.4 mM NAD* in 0.1 M gIycini»NaQH at pH 10,0 in the absence of presence 
of 33 iiM 4-methylpyrazole. ri-ADH eluted in the column void, 20 to 70 ml, 
and the pyrazolesensitive forms were eluted with 0.5 M ethanol after 75 ml 
of effluent (6). 

Human liver homogenate supernatants were first partially pur- 
ified on DEAE-cellulose and then applied to CapGapp=sepharose\ 
in the presence of NAD+ (8), For x the purification shown in figure \ 
2, a significant portion of the activity did not bind to the affinity \ 
resin but eluted first in the" void fraction from the column with v 
the bulk of the protein. The remainder of the activity was eluted V 
with 0.5 M ethanol. The physical-chemical and kinetic properties J 
of this boUnd fraction of ADH have been described previously by 
Lange et ah (7), 

The failure of a part of ADH to bind to CapGapp-sepharose sug- 
gested a differential sensitivity to inhibition by pyrazole com- 
pounds: Therefore, the starch gel electrophoretlc patterns of the 
homogenate" (samples 1 and 4 ? figure 8), the fractions that bound 
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Jlgure 3, Ide ntification of the Human ADH Molecular Forms in 
liver Homogenate and the Enzyme Fractions Separated 
by CapGapp-Sepharose 



1 




6 




* 



Starch gel electrophoresis of the homogenate supernatant (samples 1 and 4), 
the enzyme fraction that bound (samples 2 and 5), and did not bind (samples 
3 and 6) to the affinity resin were performed at pH 7,7, Gels were stained in 
the absence (samples 1=3), or presence (samples 4-6) ©f 2 mM 4*methylpy"ra« 
zole - (Reproduced with permission of the National Academy of Sciences, 
UiSi^A 1 [2,3])* 



to CapGapp-sepharose (samples 2 and 5) s and the fractions that 
did not bind (samples S and 6) were examined by staining for 
ethanoUoxidizing activity in the absence and presence of 4-methyI- 
pyrazole. The band with the least electrophoretic mobility was 
identified as the anodic band. The remaining bands corresponded 
to those isozymes characteristic of phenotype ADH 3 2 (5) and 
comprised the fraction of ADH that bound to CapGapp-sepharose, 
As expected, all of them were inhibited by 4-methylpyrazole. By 
contrast, the anodic band did not bind to CapGapp-sepharose and 
was not inhibited by 4-methyIpyrazoIe, as shown in figure 3, Thus 
the relative insensitivity to inhibition by pyrazole compounds of 
this ADH form, hereafter designated H-ADH, accounts for its eaie 
of separation by affinity chromato^aphy on CapGapp-sepharose. 

IT- ADH was purified by affinity chromatography on AMP- 
Agarose, VirtuallSf all of the activity bound to the resin and was 
subsequently eluted with a linear gradient of tfADH (figure 4). 
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Figure 4, AMP*Agaros# Affinity C^omatography 
of n-ADH 
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ADH that did not bind to CapGapp-sepharose was precipitated with 75»per- 
cent ammonium sulfate and gel filtered on Bio^GeJ P^6 in order to remove, 
NAD*. Enzyme was chromatographed on a 2*5 % 30 cm column of agarose- 
hexane-N, 8-AMP (PL Biochetnteais, Milwaukee, Wis) In 0,1 M ltii-Gl, pH 
8-6 at 4 9 C* Fl-ABH was eluted with a linear gradient of 0 to. 7 x 10- B M 
NADH beginning at 300 ml of effluent. fl-ADH activity was determined as 
described in figure 2. 



Purified in this manner, Il-ADH was homogeneous, as evidenced 
by SD3»gei electrophoresis and analytical ultracentrifugation (8), 
The inability to detect Il-ADH in certain autopsy liver speci- 
mens, as opposed to those obtained at biopsy, suggested that thi§ 
molecular form of the eniyme is more labile than the others in 
vivo (4), Consequently, the stability of purified n ADH was 
examined in vitro. Approximately 50 percent of its activity was 
lost within 24 hours when It was stored at pH 7.5 and 4 e 0* How- 
ever, addition of 10-2 M ethanol effectively stabilized enzy- 
matic activity for up to 2 weeks (8), Therefore, the extreme 
lability of Il-ADH, relative to the other molecular forms, readily 
accounts for the failure to detect its presence in previous work 
using postmortem livers (2,3,6), 
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Fl-ADH was found to be remarkably similar with respect to mo- 
lecular weight, subunit composition, and zinc content to - the 
pyrazole-sensitive ADH forms described previously from human 
liver (7), It does, however, exhibit certain kinetic properties that 
are strikingly different from those described for previous prepara- 
tions of human ADH, The K m of ethanol for fl-ADH at pH 7,5 is 
approximately 20 mM (8), a value as much as 50 times those 
values reported previously for other preparations of ADH (2,9, 
10). Moreover, 4-methylpyrazole is known to specifically inhibit 
horse and human4tver ADH competitively with respect tp ethanol 
with a Kj of less than 10" 6 M (9,11). As demonstrated both by 
spectrophotometric assay and by activity staining of starch gels, 
similar concentrations of 4-methylpyrazole do not inhibit H-ADH. 
However, if the 4-methylpyrazole is increased approximately 
1,000 times to 0:5 and 1,5 mM, II-ADH is eventually inhibited 
(12). The' mode of inhibition is, under these circumstances, no 
longer competitive with respect to ethanol in the oxidative di- 
rection, but it is now competitive with respect to acetaldehyde in 
the reductive reaction (figure 5), The K| calculated from the in- 
crease in slope of this reciprocal plot is approximately 1.4 mM. 

These distinctive kinetic properties of fl-ADH, i.e., its insen- 
sitivity to inhibition by 4-methylpyrazole and high K m for eth- 
anol, have enabled the elucidation of iti relative content in human 
liver samples and its potential role in hepatic ethanol oxidation, 
Specific ADH activities in liver homogenate supernatants were 
measured in the absence and presence of 33 juM 4-methylpyrazole 
at pH 10,5 (table 1), Fl-ADH was expressed as the percentage of 
residual activity in the presence of inhibitor. The traumatic death- 
related autopsy, samples with high specific activity had signifi- 
cantly more H-ADH than the disease-related, low-activity samples, 
15 versus 7 percent (table 1), again corroborating the predom- 
inance of anodic band in the first groups. 

The contribution of H-ADH to ethanol oxidation was ex- 
amined in greater detail at pH 7,5 in a homogenate supernatant 
a3 a function of alcohol concentration (figure 6). In the absence 
of 4-methylpyrazole, activity increases progressively over the range 
of 0.3 to 100 mM ethanol. However, in the presence of 0.2 mM 
4-methylpyrazole, activity appears only when ethanol concentra- 
tion exceeds 3 mM and increases thereafter in parallel with that 
observed in the absence of 4-methylpyrazole. Therefore, H-ADH 
contributes substantially to total activity at high ethanot concen- 
trations in accord with its high K m for ethanol (8). Importantly, 
at concentrations of ethanol that produce moderate to severe 
intoxication, i.e., 30 tp 100 mM, fl-ADH represented as much as 
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Figure 5* 4*Methylpyrazole Inhibition of Acetaldehyde 
Reduction by n ADH , 
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Enzymatic activity was determined with 0,2 mM NADH m 0,1 M'Na P|at 
pH ^,5 aiid 25° C in the absence and presence of 4*methylpyrazole, The 
data were analyzed by plotting the reciprocals of the velocity versus acetaJ- 
dehyde concentration, 



40 percent of the total alcohol-oxidizing activity. Moreover, in 
10 homogenat© supernatants, the contribution of II- ADH ^de- 
termined with 60 mM alcohol ranged from 17 to 39 percent, 
with an average of 27 percent (12), This degree of variation sug- 
gests that, as with total ADH activity, there may exist an inherent 
biologic variation in H-ADH activity. However, to what extent this 
may have been modified by postmortem change or other environ- 
mental factors is presently unknown. * s 

The discovery of H-ADH as a functionally distinct enzyme form 
should bear importantly on our understanding of normal human 
alcohol metabolism and its pathological derangement, For ex- 
ample, it is wyiely believed that ethanol elimination rates become 
maximal when ethanol concentrations exceed 5 mM. The studies 
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Figure 6, Contribution of Pyrazole-Resistant and Pyrazole- 
Sensitive Activity to Total LADH Activity in a 
liver Homogenate 
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Alcohol dehydrogenase activity in the homogenate supernatant was deter* 
mined at 0.3 to 100 mM ethanol with 2.4 mM HAD in 0,1 M Na Pi pH 
7,5, Fyrazoie-resistant activity was determined in the presence of 0*2 mM 
-methyl pyrazole. The difference between total and pyrazole resistant ac* 
ity U calculated to be the pyrazole-sensitive activity, dashed line. (Re* 
produced with permission of the National Academy of Sciences, U.S.A. 



here, However, indicate that oxidation rates in vivo should in- 
crease when blood ethanol concentrations rise to intoxicating 
levels in some individuals. The failure of pyrazole compounds to 
inhibit ethahol oxidation ii commonly viewed as functional evi- 
dence for n^n-ADH-mediated pathways of ethanol metabolism. 
The pyrazole insensitivity of H-ADH indicates that such alternate 
pathways, or their lack in humans, cannot be inferred exclusively 
from the effects of these compounds. 

As already noted, both the* molecular heterogeneity of liver 
ADH and al&bHoiism in some individuals appear to be under 



genetic control* These^eonsideratlons raise the provocative ques- 
tion whether the presence or absence of n«ADH f or of any of the 
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other enzyme molecular forms, may prove to be biochemi/al links 
to dcoholism. Whether chronic alcohol consumption or malnu- 
trition alters the relative distribution and amount of rKADH arid 
other enzyme forms remains as another pertinent question. 
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Discussion of Paper by Bosron et al. 

Dr. Werner: Inasmuch as the mechanism that Branden shows by 
X-ray crystallography suggests that the pyrazole would be binding 
to the^nc, did you find any other zinc inhibitor, such as o-phen- 
anthroUne. that would inhibit the enzyme? The second question 
what about isobutyramide or fatty acids, the classical horse liver 
inhibitors? Did these affect the H-enzyme? 

Dr, Bosron: , We can get some inhibition with isobutyramide, 
but we have not determined the inhibition patterns, whether they 
are competitive with acetaldehyde or not, as has been predicted 
in terms of metal chelators, yes, o-phenanihroline did inhibit the 
ll-numan alcohol dehydrogenase. ■ a 

Dr. Lieber: This is a fascinating discovery, and I am particularly 
interested m your statement that it .might contribute to alcohol 
metabolism in humans at intoxicating levels. I just wonder whether 
you have further evidence to support that statement. Does it 
actually contribute beyond what the low K m ADH does4p alcohol 
metabolism at intoxicating levels in humans? , * 

Dr. Bosron: I think in cytosol, the slide that Dr. Li showed 
that clearly if you increase ethanol concentration, the rate, which 
went up in total activity was entirely due to tha 4-methylpyrazole 
insensitive form, which is called the H-ADH. 

Dr, Lieber: Well.'if we accept for the moment the study 'pre- 
sented in Dr. Cornell's pgper. that the low K m ADH with normal 
nutrition rs prestnt in excess by perhaps 100 percent, the question 
What ,s . the evidence that, in that situation, the high K ADH 
plays an additional role (particularly, if the rate-limiting factor is 
the reoxidation of NAD*)?" . 

Dr. Li: Charles, the K m for NAD* of this enzyme form and the 
others ,s about the same. Therefore, if there is any rate limitation 
on the low K m form of ADH, the same rate limitation would per- 
tain to the high K m form. Now, we have also looked at the activ- 
ities of ADH, maximal activities of human liver ADH in biopsy 
specimens at pH 7.5 and 1-0.16, and we find that the maximal 
activities are about that of the in vivo rates measured with 5 mM 
ethanol. Then, when you measure with 60 mM ethanol,' you get an 
increaseun rate that is variable in accord with what we have found 
for II-ADH. 
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i Dr. Vallee: I wdyld just like to add 4a Word to it, which I think 
is generated by Dr. Lieber's question. I do not think the implica- 
tion is that this excludes additional mechanisms for ethanol oxida- 
tion such as you have beeft interested in, I do not believe that was t 
. the intent in making the statement, It should not be misunder- 
stood, What it does state is thatk there Is a mechanism for ethanol 
oxidatiotr of major proportions, \ which is that by the normal en- 
zyme and by a species which, oddly enough, functions optimally 
when the going gets roughest. , 
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Nonlinearity of Blood Ethanol 
Elimination: Its Exaggeration After 
Chronic Alcohol Consumption and 
Its Relationship to a Non-ADH Pathway* 

Mikko P. Salaspuro and Charles S. Lieber 



Abstract 

For more than 50 years* the prevailing concept has been that 
alcohol disappears linearly from the blood over a wide range of 
ethanol concentrations. In experiments with alcohol-fed baboons, 
it has now been demonstrated that the ethanol elimination curve 
b nonlinear and that the nonlinearity is exaggerated after chronic 
etnanol consumption. These findings are in favor of the existence 
(and induction) of a non-ADH pathway for ethanol, which is 
, fully saturated only at high ethanol concentrations. This concept 
is further supported by the demonstration that 4-methylpyrazole 
(an alcohol dehydrogenase inhibitor) slows ethanol elimination 
rate significantly less in alcoholics with inadequate nutrition than 
in alcoholics with adequate nutrition. Because of the competitive 
mechanism of the inhibition, the proportional contribution of 
ADH pathway to total ethanol elimination is expected to be 
smaller in these alcoholics. 

It is also generally' accepted that* in normal individuals, the 
rate of ethanol oxidation by the ADH pathway is limited by the 
rate of NADH reoxidation. Only in some situations (such as pro- 
tein deficiency) can hepatic ADH activity become rate. limiting. 
We now report that chronic ethanol consumption itself results m 
aii acceleration of the removal of cytosolic free NADH; as a con- 
sequence, ADH activity may become a rate-limiting step in the 
ADH pathway. In this situation, the reducing equivalents in 
hepatic cytosol no longer accumulate, and the acute effects of 
_ ethanol, mediated normally by the change in hepatic redox state, 
disappear after chronic ethanol consumption. 
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It is wt 1 known that regular drinkers tolerate large amounts of 
alcoholic beverages, mainly because of central nervous system 
adaptation. In addition, alcoholics develop increased rates of 
blood ethanol clearance (Kater et ah, 1969; Ugarte et al„ 1972), 
so-called metabolic tolerance, which has been verified also by 
experimental alcohol administration (Lieber and DeCarli, 1970; 
Tobon and Mezey, 1971; Misra et,ah, 1971), Only a few enzymes 
are known to metabolize alcohol in the liver, but the quantitative 
contribution of the different pathways of ethanol oxidation to 
the metabolic tolerance has not been clarified, The purpose of 
this paper is to review the different mechanisms, involved in ac- 
celerated ethanol metabolism after chronic ethanol consumption. 
Because of some recently observed results, special emphasis is 
given to the nonlinearity of blood ethanol disappearance and its 
relationship to a non-ADH pathway of alcohol metabolism, -As- 
sociated adaptive metabolic changes, such as altered hepatic, 
redox state during alcohol oxidation, are also discussed in light of 
these recent findings. 

Alcohol Dehydrogenase (ADH) Pathway as 
Related to Accelerated Ethanol Metabolism 

" The main hepatic pathway for ethanol disposition involves 
alcohol dehydrogenase, a zinc-containing enzyme of cytosol, It 
catalyses the conversion of ethanol to acetaldehyde in a reaction 
that requires NAD as a cofaetor. 

Ethanol + NAD Acetaldehyde + NADH + H + 

As a net result, ethanol oxidation generates an excess of reducing 
equivalents as free NADH in hepatic cytosol, primarily because the 
metabolic systems involved in NADH removal are not normally 
capable oPfully preventing accumulation of NADH, 

It is commonly accepted that hepatic ADH activity is not a rate- 
limiting step in ethanol metabolism. There are numerous examples 
(Lieber, 1977) of the lack of correlation between rates of ethanol 
oxidation and hepatic ADH activity. For instance, the existence of 
an atypical ADH with much higher in vitro activity is not associ- 
ated with enhanced ethanol metabolism in vivo (Edwards and 
Price Evans, 1972), From the kinetic results of Theorell and 
Chance (1951) ? it can be calculated that when the NADH pro- 
duced in ADH reaction can no longer be removed, its concentra- 
tion increases with subsequent inhibition of ADH reaction. On this 
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basis, ethanol oxidation rate is normally regulated by the speed of 
the reoxidation of the ADH-NADH complex, 

NADH reoxidation. The main pathways by which NADH pro- 
duced in hepatic cytosol is reoxidized to NAD follow: 

1, Reduction of cytosolic metabolites; 

2* Synthesis of fatty acids and triglycerides; 

3, iVlitochondrial oxidation; 

4, Microsomal NADPH utilization, 

1, NADH may, at least partly, be reoxidized by the reduction 
of cytosolic intermediary metabolites. These metabolites may either 
leave the liver as the metabolic product of pyruvate reduction (lactic 
acid) or they may accumulate in hepatic cytosol* as in the case of 
glycerol phosphate. The quantitative contribution of these reductive 
reactions to total NADH reoxidation, however, is rather smalL 

2, The increased synthesis and deposition of fatty acids and tri- 
glycerides may be quantitatively more important. The NADPH 
needed for fatty acid synthesis is most probably derived^from the 
oxalo-acetate-malate cyclg, which enables the formation of NADPH 
from NADH (Thieden et aL, 1972; Lieber, 1968), 

3, The major pathway for NADH removal is its mitochondrial 
reoxidation, The mitochondrial membrane, however, is imperme- 
able to NADH, and the reducing equivalents of NADH are trans- 
ferred to the mitochondrial respiratory chain via shuttle mecha- 
nisms such as malate cycle, fatty acid elongation cycle, and 
^glycerophosphate cycle (Hassinen, 1967; Chappel, 1968; Grun- 
net, 1970). " 

4, Another mechanism for NADH reoxidation is microsomal 
oxidation, including tht microsomal ethmol-oxidizing system 
(MEOSX which has been suggested to consume NADPH derived from 
NADH via the malate-pyruvate-oxaloacetate cycle (Lieber and De- 
Carli, 1972), The role of this system in enhanced ethanol oxidation 
after chronic consumption will be discussed subsequently, 

As to the ADH pathway, the main theory concerning the 
mechanism of accelerated ethanol metabolism after chronic con- 
sumption is through increased mitochondrial reoxidation of 
NADH, Actually there are Sufficient data to support the concept 
that, at least artificially, ethanol oxidation can be stimulated by 
increasing NADH removal, ADP formation from ATP can be en- 
hanced with fructose (Lundquist and Wolthers, 1958; Thieden 
et aL, 1972), gluconeogenic precursors (Crow et al.,, 1977), un- 
coupling agents (Videia and Israel, 1970), and electron acceptors 
(Madison et al., 1967)* Increased ADP formation leads to an in- 
creased electron flux in the mitochondrial respiratory chain and 
consequently to an enhanced reoxidation of NADH, 
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The effect of chronic consumption has been related to a kind of 
"hypermetabolic state" in the liver. The basis of this theory has 
been an increased oxygen consumption in the livers of animals 
chronically treated with ethanol, mimicking the effects of thy- 
roxine (Israel et aL, 1973; Bernstein et al, 1978; Thurman et aL, 
1976), The increased oxygen consumption has been attributed 
to an increased utilization of ATP by the N A* -Reactivated 
ATPase after chronic ethanol feeding (Israel et al., 1975), Con- 
troversial results as to the enhanced oxygen consumption and in- 
creased ATPase activity after chronic alcohol treatment have, 
however* been reported by others (Gordon, 1977; Cederbaum 
et al., 1977), On this basis, the theory that chronic ethanol con- 
sumption engenders a hypermetabolic state akin to hyperthyroid- 
ism, although interesting, cannot be considered as fully explaining 
all changes involved in -enhanced ethanol metabolism, 

There are situations in which hepatic ADH activity may be- 
come a rate-limiting step in the ADH pathway, In rat liver par' 
fusion experiments, the administration of ethtmol to the perfusion 
'medium' increases the lactate/pyruvate ratio of the perfusion 
medium from 10 to 80 (Forsander et al., 1965)/ This change is 
associated with almost total abolition of C0 2 production; i.e., 
the citric acid cycle (the main source of CO2) is inhibited by 
ethanol. However, in perfusion experiments with protein-deficient 
livers, ethanol had no effect on lactate/pyruvate ratio and, further- 
more, citric acid cycle was not inhibited by ethanol (Salaspuro 
and* Maenpaa, 1966), This finding indicates that in protein- 
deficient livers there was no accumulation of cytosolic-free NADH; 
it can be explained by assuming that, instead of the rate of NADH 
reoxidation, it is hepatic ADH activity that limits the ethanol oxi- 
dation rate in protein-deficient livers, A decreased ethanol elimina- 
tion rate associated with diminished hepatic redox changes and 
hepatic ADH activity caused by protein-deficient diet have been 
experimentally demonstrated also in humans (Bode et ah, 1,971)* 

Microsomal Ethanol-Oxidizing System a§ 
Related to Accelerated Ethanol Metabolism 

MEOS has been differentiated from alcohol dehydrogenase by 
its subcellular localization (microsomes versus cytosol), pH op- 
timum (7.4 versus 9 to 11), co factor requirements (NADPH ver- 
sus NAD), and relative lack of sensitivity to pyrazole (Lieber, 
1977, Lieber and OeCarli, 1970; Teschke et al., 1974, 1976), 
From catalase, .MEOS has been differentiated by its relative 
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insensitivity to catalase inhibitors such as azide and cyanide, and 
by the inability of a H 2 0 2 -generating system (glucose-glucose 
oxidase) to sustain ethanol oxidation in purified microsomal 
preparations (Teschke et al,, 1974). Furthermore, isolated MEOS 
metabolizes higher aliphatic alcohols such as propanol and bu- 
tanol, which are not substrates for catala.se (Teschke et aL, 1975), 
Ethanol-oxidizing activity has recently been reconstituted -with 
three microsomal components P-450, NADPH cytochrome c 
reductase, and lecithin (Ohnishi and Lieber, 1976), The K m of 
the reconstituted MEOS for ethanol was 10 mM, which is similar 
to the measured in crude microsomes and the MEOS fraction 
isolated by column chromatography (Lieber and DeCarli, 1968, 
1970; Teschke et al„ 1974), This reconstituted system required 
NADPH as a eofactor, did not react to an H 2 0 2 -generating sys- 
tem, and was insensitive to catalase inhibitors, Most probably, 
MEOS activity involves a mechanism akin to that of the cyto- 
chrome P-4 50-dependent drug detoxification in microsomes, 
possibly using a different type of cytochrome P-450 (Hasumura 
et aL, 1975). 

Although the existence of MEQS is very well documented, "as 
it is for the ADH pathway, its contribution to accelerated ethanol 
metabolism after chronic consumption has not been clarified. 
There is, however, evidence indicating that chronic ethanol con- 
sumption produces an increase in its activity (Lieber and DeCarli, 
1970), which has also been demonstrated in experiments with 
isolated hepatocytes in vitro (Teschke et al., 1977), 

Concentration Dependence of Ethanol Metabolism 

The linearity of the ethanol elimination curve over a wide range 
of blood alcohol concentrations has been the prevailing concept, 
based on early studies of Mellanby (1919) and Widmark (1932). 
Later it was shown that at very low blood ethanol concentrations, 
less than 2 mM or about 9 mg%, ethanol disappearance becomes 
exponential (Marshall and Fritz, 1953). Finally it was demon* 
strated that the low serum alcohol concentrations in humans fol- 
low Michaelis-Menten kinetics (Lundquisi ""\ Wolthers, 1958), 
However, there are some sporadic observations that indicate that 
ethanol disappearance may be more rapid after larger intravenous 
doses (Lereboullet et at., 1976; Haggard and Greenberg, 1934; 
Wilkinson et al., 1976), The variability in the interpretation of the 
results is most probably due to the different routes of ethanol ad- 
ministration used by investigators, to differences at blood ethanol 
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concentrations in which measurements have been taken, and, 
finally, to the relatively small number of blood ethanol deter- 
minations over a wide range of ethanol concentrations. 

If it is assumed that ethanol is oxidized only by the classic K m 
alcohol dehydrogenase, the ethanol elimination curve should he 
virtually linear at ail ethanol concentrations above 5 mmol/1. By 
contrast, if other pathways with a higher K m value for ethanol 
play a role, they should shift the linear curve to a nonlinear one. 

We have recently tested the linearity of the blood ethanol 
elimination curve in our baboon model for alcoholic liver (Salas- 
puro and Lieber, 1977), The experiments have been extended to 
verify the effect of chronic alcohol consumption on the possible 
concentration dependence of ethanol metabolism in the same 
animal model. Blood ethanol clearance in alcohol-fed baboons, as 
well as in their pair-fed controls, was determined after an intra- 
venous infusion of ethanol in an amount to reach a blood con- 
centration of from 40 to 50 mM. Blood ethanol concentrations 
were determined by gis chromatography at 30-minute intervals; 
ethanol elimination rates were measured separately between 45 to 
20 mmol/l and 15 to 5 mmol/1. These concentration ranges were 
selected both for empirical reasons and also because the K m value 
of microsomal ethanol-oxidiging system is known to be about 10 
mM (Lieber and DeCarli, 1968, 1970; Teschke et al. t 1974). To 
avoid effects of fasting, dextrose was continuously infused to 
meet the average caloric demands of the animals. The other details 
of the experiment will be published separately. We have gathered 
preliminary results from studies carried out before and after 2 
months and 24 months of alcohol feeding, as well as from animals 
pair-fed the isocaloric control diet. 

The results of a typical experiment in a baboon-pair are shown 
in figures la-d. On superficial inspection, the points seem to form 
a straight line (a), and a linear analysis may seem warranted (b). 
However, many points are either above or below the line, On the 
other hand, if the linear regression of the curve is calculated 
separately at high (45 to 20 mM) and low (15 to 5 mM) ethanol 
concentrations, the points fit the line much better (c). The final 
regression lines are shown in (d). Blood ethanol clearance is clearly 
faster at high ethanol concentrations than at low ones, especially 
in the alcohol- fed animal. On this basis, ethanol elimination rates 
in subsequent experiments have been calculated separately for 
both ranges of ethanol concentrations. Our preliminary results 
show that, in naive animals, ethanol elimination rates at high eth- 
anol concentrations (HE) are about 10 percent higher than those 
at low ethanol concentrations (LB)* After 2 months of alcohol 
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Figure la. Blood Ethanol Clearance in a Baboon Fed Alcohol 2 
Years and in its Pair- Fed Control 



60 i 



5CH 



2 

& 40 H 



X 50 

UJ 

a 

g 20 
m 

io H 



* * ALCOHOL^FED BA100N 
Q 0 PAIR-FED CONTROL 



- t — 

60 



180 300 420 

TIME IN MINUTES 



540 



660 



feeding, HE was 14 percent higher than LE, and after 24 months 
of alcohol, the corresponding difference was about 80 percent. It 
should be emphasized that, although ethanol elimination rates in- 
creased at both ethanol concentration ranges, the increase at high 
ethanol concentration was significantly greater, The finding in- 
dicates that the contribution of the ethanol metabolizing system 
that is. fully saturated only at high ethanol concentrations is 
greater after chronic alcohol consumption than before it, 

Recently these findings from baboon experiments have been 
confirmed in a human volunteer studied under metabolic ward 
conditions (figure 2). It can be seen that certainly after 4 weeks of 
alcohol, f 2 to 4g/kg/day), the blood ethanol elimination curve is 
nonlinear and that the increase in ethanol elimination rate occurs 
especially at high ethanol concentrations. The results are com- 
parable to the ones reported recently from experiments in rats and 
human alcoholics (Feinman et al. v in press), The existence of the 
new labile anodic alcohol dehydrogenase-isoenzyme with a higher 
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Figure lb. Blood Ethanol Clearance in an Alcohol-Fed Baboon 
and in its Pair-Fed Control 
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Linear regression lines are calculated from all blood etharlol values in fig- 
ure la. 

K m for ethanol* (Li and Magnes, 1975; Boston et al., 1977) 
could, in fact, contribute to the nonlinear ethanol clearance in 
our human volunteer; but in baboons, so far, we have not been 
able to demonstrate increased ADH activity in vitro with in- 
creasing ethanol concentrations from 5 to 50 mmol/L The meas- 
urements have been done in fresh 100,OOOG supernatants in pH 
7.4 from three baboons, one of which had been fed alcohol for 2 
years and actually had a nonlinear ethanol elimination curve, None 
of these baboons showed evidence of a high K m ADH, 

In addition to the nonlinearity of the ethanol elimination curve, 
there is other recent in vivo evidence to support the increasing 

*Wa are grateful to Dr 5 T, -K. Li for his helpful advice for the determination 
of an anodic high K m alcohol dehydrogenase. 



9 \ - 

O.J . ) 



NONLINEAR IT Y OP BLOOD ALCOHOL ELIMINATION 357 



Figure lo* Blood Ethanol Clearance in an Alcohol-Fed Baboon 
and in its Pair-Fed Control 

EFFECT OF ALCOHOL FEEDING FOR TWO YEARS ON 
BLOOD ETHANOL CLEARANCE 
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Linear regression lines are calculated separately at high and at low ethanol 
concentrations. 



contribution of a non-ADH pathway to toted ethanol elimination 
in chronic alcoholics. It has been demonstrated that 4-methyl- 
pyrazole (4-MP, an alcohol dehydrogenase inhibitor) inhibits 
ethanol elimination rate significantly less in alcoholics with inade- 
quate nutrition than in alcoholics with adequate nutrition (Sal* 
aspuro et al., 1975/ 1978 in press). Because of the competitive 
mechanism of the inhibition, the proportional contribution of 
ADH pathway to total ethanol elimination must have been smaller 
in these alcoholics. Furthermore, although these alcoholics with 
inadequate nutrition apparently had decreased hepatic ADH ac- 
tivity due to protein deficiency, and although ADH was further 
decreased by 4- MP, the ethanol elimination rates were still higher 
than those in controls, This difference in elimination rates favors 
the existence of a n on- ADH path w a *or ethanol metabolism. 
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Figure Id, Blood Ethanol Clearance in an Alcohol-Fed Baboon 
and in its Pair-Fed Control 

EFFECT OF ALCOHOL FEEDING FOR TWO YEARS ON 
BLOOD ETHANOL CLEARANCE 
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Final linear regression lints from Figure 1c, Dotted lines represent the extrap- 
olations of solid lines. 

These findings cannot be explained completely by the existence 
of the anodic form 3 of ADH with a higher K m and with a lower 
4-MP sensitivity. The ethanol elimination rates were measured at 
rather low blood ethanol concentrations (<20 mM), whereas the K m 
for anodic 'ADH has been reported to be about 20 mM (Boiron 
et al., 1977), Furthermore, the contribution of this isoenzyme, 
with higher activity to ethanol oxidation, should have resulted in 
a higher production of NADH and, consequently, in a greater in- 
hibition of galactose elimination— which was not the case, 

The adaptive increase in ethanol elimination, rate (far beyond 
the generally accepted level of 7 g/hr), as well as the apparent non- 
linearity of ethanol elimination curve, may have some important 
clinical implications. At present, a constant rate of ethanol 
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Figure 2, Blood Ethanol Clearance in a Human Volunteer 
Studied under Metabolic Ward Conditions 

EFFECT OF CONTROLLED ALCOHOL CONSUMPTION ON 
BLOOD ETHANOL CLEARANCE IN A VOLUNTEER 
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elimination and also the linearity of the elimination curve are 
widely assumed for various medicolegal purposes, in order to de- 
termine retrospectively the blood ethanol concentration at a 
given time: In view of the above, calculations based on linearity 
and constant elimination rate should be interpreted with caution. 
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Adaptation of Hepatic Redox Changes During 
Chronic Alcohol Consumption 

An important change in liver metabolism caused by hepatic 
ethancl oxidation is the shift in the cy to so lie and mitochondrial 
redox potentials to a more reduced state (Forsander et aJL, 1058), 
This activity is reflected by several secondary changes in hepatic 
metabolism, such as the inhibition of tricarboxylic acid cycle 
(Lundsgaard, 1938; Forsander et aL, 1965), with associated de- 
crease in fatty acid oxidation (Lieber and Schmid 1961; Lieber 
et ah, 1967); the inhibition of hepatic gluconeogenesis from 
various precursors (Krebs et a).., 1969); and changes in redox pairs 
such as lactate and pyruvate (Forsander et ah, 1985), 

Especially in in vitro experiments, the changes in lactate/pyru- 
vate ratio are widely used to reflect hepatic redox alterations 
(Forsander et aL, 1965; Salaspuro and Maenpaa, 1966), However, 
in in vivo situations, the changes of this ratio in the peripheral 
blood are not reliable, because of the contribution of the periph- 
eral tissues to the formation of lactate and pyruvate, In fact, it 
has been reported that alcoholics may have higher blood lactate 
and pyruvate levels than non^lcoholics, especially after exercise 
(Chalmers et al., 1977), Galactose is metabolized mainly in the 
liver, and in the reaction in which UDP-galactose ii epimerized to 
UDP-glueose, NAD functions as a coenzyme and NADH formed 
during ethanol oxidation has been shown to be a potent in- 
hibitor of the reaction (Isselbacher and McCarthy, 1959), The 
epimerization step, however, does not result in a net production 
of NADH, because the reaction involves only the internal NAD- 
coupled epimerization of hydroxyl and hydrogen molecules 
(figure 3), For this reason, galactose metabolism itself does not 
have an effect ^on the redox state of the liver and the rate of 
galactose elimination in vivo can be used as m reflector^of hepatic 
NADH/NAD ratio both in rat (Salaspuro and Salaspuro, 1968) 
and in humans (Salaspuro and Kesaniemi, 1973), 

As stated before, it is generally accepted that in normal in- 
dividuals the hepatic ADH activity is not a rate-limiting step in 
ethanol oxidation and that the ethanol oxidation rate is mainly 
regulated by mitochondrial NADH reoxidation. If, during chronic 
alcohol consumption, NADH removal from hepatic cytosol is in* 
creased— either by mitochondrial reoxidation or by the micro- 
somal ethanoloxidizing system via NADPH— the expected con- 
sequence is that cytosolie NADH tends to decrease, as has been 
demonstrated in rats fed alcohol chronically (Domschke et al., 
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Figure & Epimera.se ? Reaction, Which Catalyzes the Formation 
of UDP-Glucose From UDP Galactose 

N^D, DEPENDENCY OF GALACTOSE EPIMERIZATION 
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1974), More NADH, however, is immediately formed by the ADH 
reaction because of the excess hepatic ADH; as the end result* 
there is still enough NADH to prevent, for instance, galactose 
epimerization. On the other hand, if hepatic ADH activity is de- 
creased by protein deficiency (or by 4-methylpyrazole), the pre- 
vailing hepatic . ADH may become a rate-limiting step in the ADH 
pathway. Consequently, the formation of NADH via alcohol de- 
hydrogenase cannot increase, and cytosolic-free NADH starts to 
decrease, which is reflected as a lack of the expected change in 
the lactate/pyruvate ratio and as a failing inhibition of citric acid 
cycle function by ethanol in perfused rat livers (Salaspuro and 
Maenpaa, 1966), In in vivo experiments, similar changes in hepatic 
metabolism can be detected as a lack of the normal inhibition of 
galactose elimination by ethanol (Salaspuro and Salaspuro^l968; 
Salaspuro and Kesaniemi, 1978; Salaspuro et aL, 1975, 1978 in 
press). In addition to the effect of protein deficiency and 4- 
methylpyrazole, the diminished inhibitory effect of ethanol on 
galactose olimination has also been demonstrated in alcoholics 
with apparent adequate nutrition, as well as in patients with 
thyrotoxicosis (Salaspuro and Kesaniemi, 1973). These findings 
indicate that even chronic ethanol consumption alone, without 
associated protein deficiency, and also the increased mitochon- 
drial reoxidation of NADH (in thyrotoxicosis) may result in a 
metabolic adaptation. The end result is that hepatic ADH ^ac- 
tivity, rather than NADH reoxidation, is a rate-limiting step in 
the ADH pathway, 

In order to further elucidate this hypothesis, the effect of eth- 
anol on galactose elimination rate has been measured in our 
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baboon modd of alcoholic liver injury. Nutritional factors can he 
controlled and the concomitant effect of protein deficiency 
excluded. For this purpose, galactose was infused intravenously at 
the dose of .5.00 mg/kg hody'wt. After infusion, blood galactose 
concentration wp<: determined enzymatieally at 5-minute intervals 
during the subsequent 60 minutes. The amount of galactose ex-, 
creted in urine was also analyzed, and galactose elimination rate 
was calculated according to Tygstrup (1964), To determine the 
effect of ethanol on galactose elimination, ethanol was infused 
intravenously 1 hour before galactose in an amount to achieve a 
blood concentration of about 40 mM. Our preliminary results 
show that, in control animals, alcohol inhibits galactose elimina- 
tion rate by 46 percent, After 2 to 3 months of alcohol feeding, 
the ethanol-indueed inhibition was not yet significantly decreased 
(40 percent), although ethanol elimination rate was already in- 
creased by 21 percent. But after 24 months of alcohol feeding, 
when ethanol elimination was accelerated by 64 percent, the in- 
hibition of galactose elimination by ethanol was only 12 percent, 
% As stated before, the lack of inhibition, was not due to the de- 
crease in hepatic ADH activity. 

It can be concluded that chronic ethanol consumption itself re- 
sults in an acceleration of the removal of cytosolie-free NADH. This 
adaptation leads to the change in the regulation of ethanol oxida- 
tion rate in the ADH pathway. Instead of the rate of NADH removal, 
it is hepatic ADH activity that finally limits ADH pathway in al- 
cohol-fed animals, In this step, there is no longer an accumulation 
of NADH in hepatic cytosol; consequently, the metabolic effects 
of acute ethanol administration may be completely different from 
the pnes in "naive animals. However, at least in baboons, this adap- 
tation seems to be rather slow. After 3 months of alcohol, the reg- 
ulation of the rate of ADH pathway, is qualitatively the same as in 
naive animals; i,e,, ethanol has the same acute effect on hepatic 
redox state, both in alcohol- fed and control animals. The impli- 
cations of these metabolic adaptations are obvious, ■ 

1, The rate limiting factor of ethanol oxidation- may vary in 
alcoholics *or in experimental animals fed alcohol* chronically. In- 
stead of the rate of NADH reoxidation, hepatic ADH activity be- 
comes a rate-limiting step in the ADH pathway, when either 
hepatic ADH activity decreases (as in protein deficiency) or when 
the capacity to remove eytosolic-reducing equivalents is suf- 
ficiently induced by chronic ethanol consumption, 

2, Depending on the limiting step in the' ADH pathway, there 
may or may not be an 'accumulation of reducing equivalents in 
hepatic cytosol after the acute administration of alcohol. 
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3 * Consequently, the acute effects of ethanol on hepatic inter- 
mediary metabolism may be completely different in alcoholics, as 
well as in animals fed alcohol chronically, when compared to 
those in controls. 

4, On the basis of these recent findings, one must question 
whether any of the acute metabolic effects of alcohol still occur 
in the chronic situation; this should be borne in mind when in- *; 
terpreting the results c' metabolic experiments performed in 
alcoholic^ or alcohol-fed animals. 
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The Fetal Alcohol Syndrome: 
Possible Implications of 
Nutrient Deficiencies 

Lucille S, Hurley 



Historical Aspects 

Alcoholic women have a high risk of giving birth to children 
with growth retardation, congenital malformations, and mental 
deficiency. Knowledge of the deleterious effects of parental al- 
cohol consumption on the offspring dates back to classical times 
(Warner and Rosett, 1975), In parts of the ancient world , for 
example, a newly married couple was forbidden to drink wine 
on their wedding night for fear that a child might be conceived 
in drunkenness. More recently, during England's "Gin Epidemic** 
of the 18th century, the writer and social reformer Henry Field- 
ing asked, "What must become of an infant who is conceived in 
gin, with the poisonous distillation of which it is nourished, both 
in the womb and at the breast? " 

The artist Hogarth illustrated some of these problems in his 
"Gin Alley" (Coffey, 1966), And in 1899, Dr. Sullivan, physician 
to a Liverpool prison, published a careful study showing that the 
frequency of stillbirths and neonatal deaths was higher among ;.; 
women who were alcoholic than it wai in a matched control 
group, He further found that these frequencies declined when the 
women were absterriious, as they were obliged to be during a - 
prison sentence. *• ' fj 

Thus, although the widespread and often excessive use of al- 
cohol was not generally disapproved of, for hundreds of years, con- a 
sumption of large amounts of alcoholic beverages by pregnant 
women was believed to have harmful effects o£ their infants, ;i 
During. Prohibition in the United States, however, interest in r.i£ 
the effects of alcohol during pregnancy declined, as was evidenced if 
in the English language medical literature. By the end of Prohibit 1 
tion, the acceptance of a connection between alcoholism and what fj 
had been called in Hogarth *s time ''weak, feeble and distempered • ' 3 
children" (Coffey, 1966) was largely forgotten. By the 1940's, the 5 
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earlier writings, frequently in the moralistic and unscientific vein 
encountered in 19th-century medical literature, were completely 
rejected (Warner and Rosett, 1975). 

Recent Characterization 

The recent rediscovery of the deleterious effects of alcoholism 
during pregnancy on the development of the offspring was made 
independently by Lemoine and his coworkers (1968) in Nantes, 
France, and by Jones and Smith, and their cowotkers (1973) of 
Seattle, Wash, The close similarity betwem the reports, described 
independently by two research groups in different parts of the 
world, strongly suggest! the validity of the observations, 

The Seattle workers called the condition the fetal alcohol syn- 
drome (FAS); Since then, many case reports of FAS have been 
published from around the world (NI AAA, 1977), The major 
features of the syndrome are growth retardation; small head 
size; anomalies of the face, eyes, heart, joints, and external gen- 
italia; and mental deficiency, Other anomalies include micro- 
gnathia; hypoplastic midfacial structures including epicanthic 
folds, broad nasal ridge, upturned naras, and long upper lip. There 
are also abnormalities of the ears, and the palpebral fissures are 
small (Mulvihill and Yeager, 1976; Mulvihill et ah, 1976), It is 
thought that this abnormality may actually be secondary to mi- 
crophthalmia. Other ocular defects common in FAS are ptosis 
and strabiimus, A wide mouth, prominent ears, and a narrow, 
bifrontal diameter are also common features of the syndrome 
(Hanson et aU 1976). Other malformations that occur include 
cleft palate* visceral anomalies, and small hemangiomas. 

The growth failure in these children occurs both prenatally 
/and postnatally: At the time of birth, the deficit in body length 
is often greater than the deficit in body weight, Postnatally, FAS 
babies usually gain weight poorly, and body weight is more af- 
fected than is body height 

There is no catchup in growth during infancy and early child- 
hood/ The persisting deficiency of growth appears not to be the 
consequence of the postnatal environment; affected babies raised 
in foster care from early infancy generally show no better growth 
or performance than those raised by the alcoholic mothers, Even 
infants hospitalized for failure to thrive have not shown catchup 
growth. \ 

The perinatal mortality* of infants with FAS is high, and those 
who survive show manifestations of neurological difficulties. 
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During the neonatal period, there is often tremulousness, hyper- 
activity, and irritability. ^Al though some of these symptoms might 
result from alcohol withdrawal after birth, .the tremulousness fre- 
quently persists for a long time, even years, and the fine motor 
dysfunction and developmental delay may be permanent. Mental 
deficiency of varying severity also occurs in these children and, in 
the only recorded necropsy study, considerable malformation of 
the central nervous system was found. Thus it seems that much of 
the abnormal performance in the early period, as well as the per- 
sistent mental deficiency, is secondary to alterations in brain de- 
velopment and function resulting from the prenatal effect on 
morphogenesis of the central nervous system (Hanson et all, 1976; 
Jones et al., 1974), 

The incidence of fetal alcohol syndrome in children of chron- 
ically alcoholic women appears from present evidence to be in 
the range of 30 to 50 percent. Prenatal and postnatal growth fail- 
ure, developmental delay, and microcephaly all occur in about 
90 to 95 percent of the infants with FAS, Ocular defects occur 
in 40 to 60 percent. Anomalies of the jaw and ear are seen in 
half of the cases; receding chin occurs in 30 percent; and cleft 
palate in 15 percent.. The frequency of other defects ranges from 
38 to 73 percent (Mulvihill and Y eager, 1976), 

It should be emphasized that the syndrome, as I havedjBicribed 
it so far, is based on the outcome of pregnancy of chronically and 
severely alcoholic women, Very little is known at the present 
time about the risk and possible consequences of lower intakes of 
alcohol. Neither are the critical factors involved understood. For 
example, in relation to alcohol consumption, is it the continuous 
alcohol level in the maternal blood that is important, or maximum 
concentrations during binge drinking? The effect of lower levels 
of alcohol intake on fetal development, perhaps producing only 
part of the syndrome, is unexplored, 

Congenital abnormalities have also been produced in expert* 
mental animals given alcohol during pregnancy, and an animal 
model of FAS has been developed in mice (Tze and Lee, 1075; 
Chernoff, 1977). . 

Possible Mechanisms 

What are the possible mechanisms that could bring about the 
abnormal development resulting in fetal alcohol syndrome? First, 
there may be a direct effect of alcohol itself on the developing 
embryo. We know that alcohol taken by the mother is transported 
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across the placenta, In sheep, a positive correlation was found be- 
tween maternal and fetal blood alcohol concentration during a 
*1» or 2-hour infusion of alcohol ir.to the pregnant ewe (Mann 
et al,, 1975). 

There could also be an indirect effect of chronic alcoholism that 
might alter the maternal metabolism in such a way as to produce 
teratogenic effects on the child, I propose that nutritional de- 
ficiencies may possibly be involved in the development of the 
fetal alcohol syndrome, It should be remembered, however, that 
there are several confounding factors involved in cases of chronic 
alcoholism among pregnant women. Heavy drinking is often as- 
sociated with other risk factors for congenital abnormalities; these 
factors include heavy smoking, use of other drugs, emotional 
stress, injury from falls or violences and poor prenatal medical 
care. 



Teratogenic Aspects of Nutrient Deficiencies 

Although many nutritional deficiencies are teratogenic, I am 
going to limit my discussion to three nutrients; folate, magnesium, 
and zinc, which I think are most likely to be involved in FAS, All 
three of these nutrients have been recognized as problems in the 
nutritional status of alcoholics, Furthermore, deficiencies of these 
substances are highly teratogenic in experimental animals, and 
there is at least some evidence of similar effects in humans, 

Magnesium - : * 

Magnesium deficiency is teratogenic in rats. When rats were 
given a diet severely deficient in magnesium (0,2 mg/100 g) 
, throughout pregnancy, no fetuses were carried to term, When the 
\ deficient diet was given from day 6 to day 14 of gestation, the in- 
i cidence of resorptions was very high and many of the surviving 
fetuses were malformed. Malformations included cleft lip; short 
tongue; hydrocephalus; micrognathia or agnajthia; club feet; fused 
digits; Polydactyly; syndactyly; short or curly tail; herniations; 
and heart, lung, and urogenital anomalies (Hurley et ah, 1976),* 
Even mHder deficiencies caused congenital abnormalities (Cosens 
et al. f , 1977), high neonatal mortality, and .abnormal histology of 
the brain\(Wang et al,, 1971; Gunther et al., 1973), 
1 There is also some indirect evidence that magnesium deficiency 
may be a problem in human pregnancy (Hurley, 1971), 

• \ 
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Folic Acid 

Experimental Animals, The importance of folic acid during 
pregnancy in mammals has been studied extensively, primarily 
with the use of folic acid antagonists (tor review, See Hurley, 
1977a). However, even without an antagonist in the c diet, folate 
deficiency causes congenital malformations in rats. With a rela- 
tively mild deficiency, a variety of malformations was found, in 
eluding cleft lip, hydrocephaly, failure of closure of thoracic, and 
abdominal walls, and eye defects (Giroud and Lefebvre ^Boisselet 
1051), 

Nelson and her colleagues (1952; 1965; 1956; Asling, 1961) ex- 
tensively studied the wide variety of congenital malformations 
produced by folate deficiency in the pregnant rat, using an an- 
tagonist, x-methyl pterolyglutamic acid (x-methyl PGA), in 

- combination with a folate-deficient diet. There was a . high in- 
cidence of resorptions and multiple congenital defects. The fre- 
quency of the various types of defects depended on the timing. 
The young showed marked edema and anemia; cleft palate; 
numerous anomalies of the "face; syndactyly; a wide variety of 
skeletal malformations; and defects of the lungs, eyes; and urogen- 
ital And cardiovascular systems, Even short-term, transitory de- 
ficiency, in combination with the folate antagonist, caused high 
incidences of multiple malformations. Similar malformations have 
also been %produ<fed in the mouse and the, cat with, the same 
antagonist (Tuehmann-Duplessis et al., 1959), 

Biochemical Effects, Although some investigators have at- 
tempted to determine the mechanism by which folate deficiency, 
produces teratogenic effects, little progress has been made, There 
is, nonetheless, some evidence that the effect of folate antagonists 
in inhibiting nucleic acid synthesis may play a role (Hurley, 

1977b). 

Embryos from folate-deficient rats also showed abnormal en- 
zymic differentiation. There were alterations in isozyme patterns 
for a number of enzymes. In- addition, the specific activity of 
phosphomonoesterases in tissues from experimental fetuses did 
not parallel that of controls for any of the fetal ages studied. The 
changes in enzyme patterns were correlated with abnormal chon- 
drogenesis and osteogenesis, . . . > 

Humans. Folic acid is clearly essential for the developing hu- . 
man ambryo, as is evident from studies using folate antagonists as 
abortifacient agents. When these compounds were given during the 
tot trimester of pregnancy, fetal death, followed by spontaneous 
abortion; resulted. However, if the antagonist was given in 
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'insufficient quantities or was given too late during the pregnancy, 
the. result was not abortion but development of a malformed fetus 
(Thiersch, 1352; Goetsch, 1962), 

In less extreme conditions, however, the possible relationship 
of folate deficiency in pregnant women to malformations or other 
abnormalities of pregnancy is not clear. In an early retrospective 
study of 17 pregnant women with megaloblastic anemia (indicat- 
ing folate deficiency), 6 of the women gave birth to infants with 
congenital malformations (Fraser and Watt, 1964), In another 
retrospective study, Hibbard and coworkers used the urinary ex- 
cretion of formiminoglutamic acid (FIGLU) after the ingestion of 
histidme as an indication of folate deficiency. Sixty-two percent 
of the mothers of malformed infants had a positive response (in- 
dicating folate deficiency), as compared with 17 percent of 
mothers of normal infants. The relationship of positive FIGLU 
excretion tests and malformations was even more striking when 
only central system malformations were considered. There also 
seemed to be a relationship between folic acid deficiency in 
pregnant women and the occurrence of placental abruption and 
spontaneous abortions. However, 78 percent of women with de- 
fective folate metabolism, as measured by the FIGLU test in a 
previous pregnancy, developed the same condition in the next 
pregnancy; this finding suggests that a genetic factor involving 
folate metabolism may be involved, 

A recent prospective study of more than 800 women corrobo- 
rates these findings. Folate levels of erythrocytes were measured 
in early pregnancy. In women with low erythrocyte folate, the 
incidence of small-for-date infants and of malformations was 
higher than in those with normal folate; the difference was highly 
significant (Hibbard, 1975). 

Smithells and coworkers (1975) have also ieported, in a large 
prospective study, that significantly lower blood levels of red cell 
folate were found in mothers subsequently giving birth to infants 
with neural tube defects than those found in controls. Finally, 
Oandy and Jacobson (1977) have amassed impressive evidence^ 
suggesting that an inadequate level of maternal serum folate 
brings about a depression of fetal growth rate that may persist 
into the* first .year of life. In addition, Gross et al. (1974) have 
shown that children whose mothers were severely folate-deficient, 
showed abnormal or delayed behavioral development. 

Although there is now considerable evidence of a high corre- 
lation between the incidence of folic acid deficiency and various 
complications of pregnancy, conflicting results have been re- 
ported. In some studies, little correlation was found between 
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folate status, as measured by plasma folate levels and by the 
morphology of . the red cells, and problems associated with ab- 
normal development (for, reviews see Scott, et al., 1970; Hall, 
1972), 

Zinc 

Experimental Animals, A deficiency of zinc in the maternal diet 
rapidly produces a wide variety of developmental defects' in ex- 
perimental animals (for reviews see Hurley, 1975; 1977a; 1977b) 
When normal female rats, fed a complete diet before mating, were 
given a zinc-deficient diet during pregnancy (days 0 to 21), about 
one-half the implantation sites were resorbed. The full-term young 
weighed about one-half that of controls, and 90 to 100 percent of 
fetuses showed gross congenital malformations, Food-intake con- 
trols had normal young. 

Shorter periods of deficiency were also teratogenic, When the 
dietary zinc deficiency was imposed from days 6 to 14 of gesta- 
tion, about one-half the young were abnormal. Even when the dje- 
, ficieney lasted for only the first 10 days of pregnancy, 22 percent 
of the full-term fetuses were malformed. Many investigators have 
confirmed the teratogenic effects of zinc deficiency in rats. 

The congenital malformations produced by lack of zinc in rati 
are varied; they affect every organ system and occur in high in- 
cidence. A large number of skeletal malformations as well as soft 
tissue anomalies are seen. Malformations include cleft palate; 
cleft lip; short or missing mandible; curvature of the spine- club 
feet; syndactyly; curly or stubby tail; various brain anomalies' 
such as hydrocephaly, anencephaly, and exencephaly; micro- 
phthalmia or anophthalmia; herniations; spina bifida; and heart, 
lung, and urogenital abnormalities. Frequencies ranged in one 
experiment from 13 to 83 percent of living young at term. 

The malformations of the nervous system were especially note- 
worthy. In full-term fetuses' of rats given the zinc-deficient diet 
from the beginning of pregnancy to term, 47 percent of the full- 
term fetuses had brain anomalies; 3 percent had spina bifida; 
and 42 percent had microphthalmia or anophthalmia. In addition* 
the spinal cord and olfactory tract also showed anomalies. Pre' 
natal zinc deficiency affected many derivatives of the primitive 
neural tube, 

Mild or Marginal Zinc Deficiency, Relatively mild states of zinc 
deficiency are probably more relevant to human problems than - 
the extreme zinc deficiency described so far. 

Marginal zinc deficiency has also been studied in pregnant rats 
One approach was to correlate the Jevel of zinc in the diet with the 
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incidence of malformations. With diets containing less than 9 ppm 
zinc during pregnancy, there was a high incidence of fetal death 
/and malformation; Both total litter weight and fetal weight at 
terrn correlated with the level of dietary zinc up to 14 ppm, but 
there was no correlation between the incidence of malformations 
and the fetal zinc content or the maternal plasma zinc level at 
term, However, maternal plasma zinc during the second week of 
pregnancy was correlated with frequency of malformations. 

In another experiment, the rats were fed the marginally de- 
ficient diet- (9 ppm zinc) during pregnancy; this diet did not cause 
gross malformations at birth. At parturition, the rats were given 
a normal diet. The survival of offspring was significantly lower 
than in animals fed the normal diet throughout. Eighty-one per- 
cent q£ the living young bom to stock-fed females survived to 
weaning, but only 46 percent of living young born to females fed 
the marginally deficient Idiet survived to this age. 

Cross-fostering studies were carried out with appropriate con- 
trols; that 4§\ offspring of females that received the marginaUy de- 
ficient diet during pregnancy were suckled by females normally 
fed during preprianqy, and pups of females normally fed during 
pregnancy were suckled by females fed the marginally deficient 
diet during pregnancy. ; t " . 

The survival of pups from females marginally deficient during 
pregnancy was the'same whether they were suckled by their own 
mothers or by foster mothers fed normally during pregnancy. Con- 
versely, the pups of females normally fed during pregnancy 
showed depression of postnatal survival when they were fed by 
females given the marginally deficient diet during pregnancy. 

Thus, the maternal diet during pregnancy affected both the 
development of the offspring and the ability of the female to 
suckle her young. The offspring suffered irreversible effects of 
prenatal zinc deficiency; and, at the same time, the female's abil- 
ity to suckle and /br. care for her young was diminished by the- 
deficiency during pregnancy. Marginal zinc deficiency during pre- 
natal life thus caused an irreversible change which, subsequently 
affected postnatal development, 
. A transitory deficiency of zinc during prenatal life was also 
used as a means of examining the effects of mild rather than 
severe zinc deficiency. When normal pregnant rats were given a* 
zinc-deficient diet from day 6 to day 14 of gestations maternal 
plasma zinc levels fell rapidly; but they quickly returned to orig- 
inal values after zinc was reffd. Young born to these females 
showed a high rate of stillbirths, a high incidence of congenital 
malformations, low ^irth weight, and very poor neonatal survival. 
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Concentration of zinc in postpartum maternal plasma and milk (as 
well as in plasma of the pups) was normal, suggesting that post- 
natal zinc nutriture of the young was adequate. A short period of 
zinc deficiency during prenatal life thus caused an irreversible 
change that subsequently affected postnatal development. 

Mechanism, Prenatal zinc deficiency affects many derivatives 
of the neural tube as well as those of other systems. The nature of 
these malformations, as well as their diverse origins, suggests that 
the action of zinc is on fundamental rather than secondary proc- 
esses. Zinc deficiency in pregnant animals, as well as in nonpreg- 
nant and juvenile animals, primarily affects rapidly proliferating 
tissues— the embryo, the gonads, and the skin, where cell division 
is occurring at a rapid rate, 

Present evidence suggests that congenital malformations in 
zinc-deficient embryos, m well as lesions of the gonads and skin, 
are brought about by impaired synthesis of nucleic acids. We think 
that the effect of zinc deficiency on nucleic acid synthesis pro- 
duces an asynchrony, of mitotic rhythms, This characteristic is 
manifested by the large numbers of cells observed in mitotic 
arrest, which then produce asynchronous growth patterns. 

Prolongation of the mitotic interval and reduction in the num- 
ber of specific cells early in development could combine to pro- 
duce a wide range of abnormalities, Asynchrony in histogenesis 
and organogenesis could therefore result from alterations in dif- 
ferential rates of growth, 

i. Experiments with a number of systems, in vitro as well as in 
Vivo, and with various species, have shown a requirement for 
zinc in DNA synthesis; In zinc-deficient rat embryos at 12 days of 
gestation, incorporation of tritiated thymidine into DNA was 
much lower than normal, suggesting that DNA synthesis was de- 
pressed. The head region was more vulnerable than the body, but 
both could be brought back to normal levels by injection of zinc 
into the pregnant female prior to delivery. 

The activity of thymidine kinase was also depressed in zinc- 
deficient embryos, The thymidine kinase ^pathway for the pro- 
duction of thymidine nucleotides is not prominent in normal 
,adul^ cells but becomes important for, DNA synthesis in .tissues 
undergoing rapid cell division, Inasmuch as the effect of zinc de- 
ficiency on cell division has been found to be most extreme in 
rapidly proliferating tissues, the relationship of zinc to thymidine 
kinase\ in the developing embryo might be of critical importance. 

Another enzyme involved in DNA synthesis is also depressed in 
zinc-deficient embryos. DNA-polymerase activity was lower in 
embryos from dams given a zinc-deficient diet than that in 
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controls. The normal increase with embryonic age of both of these 
enzymes did not occur in the zinc-deficient rats. Thus, decreased 
adfivity in thymidine kinase andDNA polymerase may lead to de^ 
pression, of nucleic acid synthesis in zinc deficiency, However, 
recent work with the microorganism Eugiena gracilis (Falchuk 
et a!,, 1975) indicates that zinc may be required at every stage of , 
the cell cycle; thus, thymidine kinase and DNA polymerase are 
probably not the only factors involved, ,* 

Zinc Deficiency in Humans, The occurrence of zinc deficiency 
in humans, resulting in hypogonadal dwarfisms in the Middle East 
is now well established. More recently, zinc deficiency has also 
been found in children in the United States (Hambidge et al., 
1972). I 

There is now evidence that zinc deficiency is also teratogenic 
for humans. Epidemiological data, may support a relationship be- 
tween zinc deficiency and malformations of the central nervous 
system in humans: the two countries, Egypt and Iran, in which 
zinc deficiency was first found in people, both have high rates of 
such malformations (Sever and Emanuel, 1973; Sever, 1975). 

Another type of evidence comes from women with the disease 
acrodermatitis enteropathies, a genetic disorder of zinc metabol- 
ism. Until it was learned (in the early 1970's) that the signs and 
symptoms of the condition could be cured with oral zinc therapy, 
patients were treated with a drug that permitted survival and 
growth, but they were not able to maintain plasma zinc at normal 
levels. Thus, women with the genetic trait who became pregnant 
had low concentrations of zinc in their blood plasma. The out- 
comes of these pregnancies were extremely poor. The numbers of 
miscarriages and of infants with ^malformations were very much 
higher than those in normal population. Out of seven pregnancies, 
there were two infants with major congenital malformations and 
one spontaneous abortion (Hambidge, 1975)* 

In Sweden, a correlation was found between low zinc in preg- 
nant women and various complications of pregnancy. Women who 
gave birth to malformed infants, or to post-term infants, or who 
had abnormal deliveries, had- significantly lower seriim zinc levels 
than women whose deliveries and infants were normal or whose 
infants were of low birth weight (Jameson, 1976), 



Conclusion 

i 

I have proposed that a deficiency of one or more specific nu- 
trients in the maternal plasma may be involved in producing the • 
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fetal alcohol syndrome. The nutrients that arf most likely to be 
implicated are folate, zinc, and magnesium. Maternal dietary de- 
ficiencies* of these essential factors ^re teratogenic in experimental 
animals, and there is also evidence in humans of deleterious ef- 
fects on the offspring, * 

This hypothesis should he investigated by seeking correlations 
between maternal plasma levels of zinc, magnesium, and ^folate 
and erythrocyte folate (dr other measures of folate status) and 
occurrence of FAS. These measurements should alsp be carried 
out in the infants themselves, Experimental animal models should 
be studied in relation to these nutrients, * 
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Discussion of Paper by Hurley 



Dr. Schenker: I would like to sharp with you some unpub- 
lished data from our laboratory that bear on the questions you 
have raised, Dr, Henderson in our unit has developed an animal 
model of the fetal alcohol syndrome similar to that which has 
been described previously in mice and in other animal species. We 
have a very, very high rate of resorption, in the order of 50-fold, 
as well as a very low weight of these babies and a high mortality 
rate. 

We were obviously interested in the same types of questions 
you have raised, and you might be interested to know that these 
animals are strictly pair-fed, so there is absolutely no difference 
in weight, which, of course, does not rule out the possibility of 
zinc deficiency. 

What is against zinc deficiency, an important consideration, is 
the fact that the DNA levels in every tissue in the body are nor- 
mal, and so is DNA synthesis, DNA synthesis, measured with 
thymidine and using the same approach you have reported, ap- 
pears to be normal. 

Now I was hoping to have the zinc levels today, but unfor- 
tunately they will not he ready until sometime next week; so 
we have to remain somewhat dubious as to y. —it the final out- 
come will be. That is the reason I am asking which tissue one 
should really look at, because I was hoping for some help in that 
area. 

But at the present time, at least in this animal model, and of 
course we do not know how relevant it is to humans, we would 
not think, in our unit, that zinc deficiency' is a critical compo- 
nent of the fetal alcohol syndrome. 

Dr, Hurley: Well, I think that until you actually have the data 
on the zinc content of the fetuses you really cannot say whether 
it is or not, The total DNA content could be nonnal and still 
have an abnormal synthesis, 

Dr, Falchuk: I think it is important, in view of the fart that 
thymidine incorporation has been used in this particular type of 
experimentation and in the data, that you suggested DNA con- 
tent itself is used. There are differences in terms of interpretation 
when one uses a label to indicate about DNA synthesis. And as 
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you saw, in even t h i * Kuglena, where we know for a fact that there 
U zinc deficiency, the UNA content also dues not determine what 
is goinu on in terms of the metabolism, But I think it further in- 
dicates the issue that you raised about zinc content itself. 

From Dr. Hurley's data, you saw that during the time when the 
mother's serum zinc level fell down to about 40 percent of the 
normal, between 6 and 14 days, if you measured the serum zinc 
in the mother, you would say she is depleted of zinc. Yet there is 
no evidence in the mother that - she has any problems with zinc 
metabolism. And yet, at the same time, the fetus, obviously, is 
undergoing some remarkable changes in terms of its metabolism 
of zinc, 

So I think what Dr. Vallee was trying to say is that it is dif- 
ficult to make an assessment of zinc nutriture and its relationship 
'to metabolic events in cell division from a measurement i such as 
zinc content, DNA content, or thymidine incorporation), unless 
you actually know everything else that is going on. 

In terms of these types of experiments, it is clear that it is not 
the maternal zinc content that is a problem, even though that is 
low in one tissue; hut, from Dr." Hurley s data, the liver zinc con- 
t* Ms normal, the bone content is norma], so the mother is per- 
fectly ail right. Yet, depending on what tissue you biopsy and 
measure, the zinc content can vary. Ho I think it is just a matter of 
principle in terms of what a number means rnetaboiically. And 
the truth of the matter is, I am totally confused about how to 
answer that question (which is asked all the time whenever I talk 
any place), because everyone wants to know the answer. Well, I 
would like to give it, and I think each of you would also like to 
give it. 

Dr, Hurley: I certainly do agree, Dr, Kak-huk. 



Hypothesis Concerning the Effects 
of Dietary Nonsteroidal Estrogen 
on the Feminization of Male Alcoholics* 



Roger Lester, David H, Van Thiel, Patricia K, Eagon, 
A. Forrest Imhoff, and Stanley E. Fisher 

Hardcore, chronic alcoholic men commonly are feminized. 
Changes in their sexual function and appearance include im- 
potence, sterility, testicular atrophy, altered hair distribution, 
gynecomastia, and cutaneous vascular changes. These changes 
can be ascribed to two basic mechanisms:, hypoandrogenization 
and hyperestrogenization (I), 

An initial characterization of the pathogenesis of the hypo- 
androgenization of the male alcoholic has been provided (1,2,3*4^ 
5,6). It is now abundantly clear-that this phTOonienon is due to 
-^e=^Krert^TrecT~of alcohol on the testis, to coexistent hypo- 
thalamic-pituitary suppression by alcohol and thus to diminished 
central stimulation of the testis, and to changes in hormonal me- 
tabolism produced by alcohol-induced changes in the liver, The 
net result of these changes is to decrease the amount of testos- 
terone available to target tissues and to diminish and ultimately 
to eliminate spermatogenesis (2), 

The pathogenesis of the hyperestrogenization of the male al- 
coholic has remained in peater doubt. Despite unequivocal evi- 
dence ot symptomatic and biochemical evidence of severe hyper- 
estrogenization, most alcoholic men maintain normal plasma 
concentrations of estradiol (Eg), the principal female sex hormone 
(2*7,8,9,10,11,12). It has been suggested that normal E 2 levels 
in the presence of diminished testosterone levels might produce 
hyperestrogenization (II), but this concept is not universally ac- 
cepted. In one study of patients with liver disease, total plasma E 2 
was normal, but unbound E 2 was increased (11), Unfortunately, 
this attractive hypothesis has not been confirmed in all other 
studies* Presumably as the result of increased peripheral conversion 

This work was supported, tn part, by N1AAA Grant AA0J450. 
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of adrenocortical steroidal precursors, plasma estfone (Ej ) con- 
centrations are elevated (4,8). On the other hand, Ej is a weak 
estrogen with only one-fifth the potency of E 2 when measured by 
standard bioassay techniques, and the elevations observed in 
chronic alcoholics have been of a modest degree. 

We have entertained an alternative hypothesis. Nature abounds 
in nonsteroidal substances that are weakly estrogenic (13), These 
substances are found in a variety of plant species that might form 
he ha^is for preparations of food or drink. There are animal 
models of tne effect of excessive ingestion of plants high in non- 
steroidal estrogens; hyperestrogenization of both quail and sheep 
have been shown to occur as the result of grazing on certain 
species of plants known to contain certain nonsteroidal estrogens 
(14,15). Presumably, the amount ofnonsteroidai estrogen in the 
normal human diet is insufficient to produce estrogenic effects in 
the human. In the presence of an abnormal diet, or, more likely, 
if insufficient metabolism of nonsteroidal estrogenic substances 
; were _ Lo-occut -because of the presen ce of advanced liver disease, 
sufficient quantities might accumulate in the plasma to produce 
estrogenic effects, 

Th;e standard tests fur plasma estrogens are radio immuno- 
assays that are highly specific, and therefore nonsteroidal plasma ?^ 
estrogens would remain unmeasured, even - in the presence of 
quantities sufficient to induce marked hyperestrogenization, 
Consequently we have searched for an alternative measure of 
estrogenieity sufficiently sensitive to detect the low concentra- 
tions of^ material anticipated to be present in plasma. This method 
must also discriminate between estrogens of a variety of chemical 
configurations and other substances with no estrogenic activity. 

For this purpose, we have examined cytoplasmic hepaiic eg- m 
tmgen receptors in male and female livers: In brief, estrogen re- 
ceptors can be demonstrated in the 100,000 x g supernate 
both male and female liver homogenates. A high molecular weight 
protein, existing as the major E 2 *hinding protein in female super- 
natant md a minor E2 binding protein in the male supernatant, 
is demonstrable. This protein specifically binds both steroidal and 
nonsteroidal estrogen: nohestrogenic hormonal steroids, bile acids, 
and endogenous and exogenous substrates transported and me* 
tabolized by the liver fail to v -ract with it, 

The principal E 2 binding protein in male hepatic, cytoplasmic 
supernatant is a low molecular weight protein with somewhat 
-different binding characteristics, This protein specifically binds 
steroidal estrogen but does not Interact with such nonsteroidal 
estrogens as diethylstilbestroL As with the high molecular Weight 
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Eo binding protein, no interactions art* exhibited with other non- 
estrogenic steroidal hormones, ule acids, or liver-metaboli^ed 
substrates. 

The, male and female E 9 binding proteins might thus serve as 
tire basis for protein binding assay for nonsteroidal estrogen, 
3 H-E 3 is incubated with 100,000 x g supernate of male and fe- 
male liver homogenate. Standard displacement curves are gen- 
erated by adding varying quantities of steroidal and nonsteroidal 
estrogens. The results are expressed as a ratio of 3 H*E 2 bound 
after displacement/ 3 H-E 2 bound with no added estrogen and are 
plotted against the logarithm of the molar amount of estrogen 
added. The data are subjected to logit transformation to produce 
straight line standard curves, Plasma samples are then extracted 
in ether* and three concentration f the extract are used to test 
for displacement < f the tracer 3 Ii-E 2 . The results are then ex- 
pressed as equivalents of steroidal or nonsteroidal estrogen. Non- 
steroidal estrogens should produce displacement of tracer 3 H-Eg . 
from the predominant female, but* not from the predominant 
male, estrogen binding protein, 

The results are in much too formative a stage at this time to 
report definitive data. However, in a brief survey of 15 sera from 
hardcore male alcoholics with liver disease, 3 sera were found that 
appeared to .behave as if nonsteroidal estrogen were present: Dis- 
placenfent was observed at an order of magnitude greater than 
could be accounted for by the known concentrations of steroidal 
estrogen measured by radioimmunoassay in the samples, 3 H-E2 
was displaced from female, but not from male, rat liver super- 
n>te. These preliminary data may represent the first demonstra- 
tion of nonsteroidal estrogen accumulating in the plasma in 
association with liver disease, 

In summary, it is difficult to explain the marked hyperestro- 
genization of alcoholic men in terms of measurable levels of 
plasma steroidal estrogen. It is possible that the observed hyper- 
estrogen ization is due to the accumulation of dietary nonsteroidal 
estrogen as the result of liver disease, One means to approach this 
problem is through the use of a protein-binding assay, using the 
discriminatory characteristics of the binding proteins in male and 
female rat liver cytosc 1 Studies are now in progress to explore 
this hypothesis, 
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Discussion of Paper by Lester et aL 



Dr. Sehenker:' I think one of the most interesting parts is the 
indication that the cellular receptor that binds estradiol differs be- 
tween the male and female, because as ,you set it up against all 
these different estrogenic substances, you see a different pattern, 
I wonder ^if you could elaborate on that. Are there other indica- 
tions from other types of study about this? And what is the 

* mechanism of this difference m the estrogen receptors? Does it 
have anything to do with the determination of secondary sex 
characteristics? How does it fit into endocrinology? 

Dr, Lester: Of course, the receptor that we are talking about 
is the receptor in the liver cell. We have no idea whether this sort 
of difference may exist elsewhere, and we were most surprised to 
find this. We had studied the male almost as an afterthought and 
therefore were very surprised to find the difference in biologic 
activity. I might say that the 1 difference in activity that I have 
shown is not absolute; one can doctor the conditions of one's 
assay and make the male receptor behave like the female re-- 
ceptor. That is, it will react under certain in vitro conditions with 
things Uke diethylstilbestrol, nonsteroidal estrogens. So we won- 
dered whether this was some very bizarre form of artefact we had in- 
troduced. But in addition to this difference in activity, at least under 
certain in vitro conditions, there are indeed other differences be- 
tween the male and female estrogen receptor in the liver. The 
moiecular weight of the two receptors (as determined at least in 
a crude way) on sucrose padient is distinct. Female receptor 
seems to weigh approximately 200,000 daltons. The male re- 
ceptor appears to weigh less than half that. 

Dr, Lieber: I wonder what additional evidence you might have 
to show that you are dealing wilh dietary substances. 

Dr. Lester: It is a perfectly reasonable question to ask, and I 
might say that, in the course of talking about dietary substances, 
t intend to include the possibility that some of these substances 
are in alcoholic beverages. That is why I was really so fascinated 

" with the results discussed earlier that suggested maybe there were 
activities in the dealcohoiized residuum of wine.^n certain species 
that eat an excess of certain foods, *hyperestrogenization, in 
fact, Recurs. It occurs specifically in a kind of quail that eats an 
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excess of certain seeds containing an t <m of estrogenic matt^ 
rials, and it occurs in sheep that consume huge amounts of clover, 
which happens to contain an excess of certain estrogenic mate- 
rials, So the precedent is there in nature; and the interaction of 
liver disease with even a moderate intake might conceivably pro- 
duce the changes that I am talking about, 

. I should warn you that, in the usual sense, these are very weak 
estrogenic substances we are talking about, with the strength of 
about 1:10,000 to 1:100,000 of the strength of estradiol, On the 
other hand, in the presence of liver disease, with the inability to 
metabolize them, it is perfectly conceivable that they might ac- 
cumulate in excess and produce biologic effects in a human. 

Dr, Lumeng: You isolated the estrogen receptor from rats, is 
that correct? 

Dr, Lester: The source of the receptor was rats. 

Dr. Lumeng: Do you have evidence that a similar receptor 
exists in human liver? 

Dr, Lester: No, none, 

Dr, Lumeng: Are you pursuing studies to confirm that these re- 
ceptors are also present in human liver? Otherwise, as I understand 
your goal, you merely use these receptors from rat liver as an assay 
tool, 

Dr, Lester: Yes, that is absolutely right, Our intention is not to 
worry about the interaction of estrogen with the liver receptor, 
but rather to use the receptor, as I say, as kind of an assay pro- * 
eedure. We did not really care whether it was a human source of 
serum and rat source as a receptor, Our only intention was to use 
it as a source of an assay, just as one might use rabbit antibody to 
do a radioimmunoassay on the plasma of human material. The dis- 
connection between the source is not important to us. But yes, we 
are interested in knowing how wide a species variation there is in 
this. line. We have looked at frogs; as it turned out, the estrogen 
receptor in frogs is different in a variety of ways from that in rats. 
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See also ^Liver, 
Fatty acid 

absorption, 97 
inhibitor of pyrazole, 347 
intake, 32-33 
'oxidation, 280-81, 360 
synthesis-, 35 1 

transport, 70-71, 74-75, 100,271 

uptake, 77, 80-82/87-88 
Fatty liver, 4,40, 64-56, 61, 85-66, 
111, 237, 253, 271 „■ 

See also Liver disease, progres- 
sion. 

Fecal fat. See Fat, 
Feminization, 17, 383^85 

See b aiso Hyperestrogenization^ 
Hypoandrogenizatlon, 
FetaJ abnormalities, 16-17, 158, 
367 77, 380-81 
See also Birth Refects.. 
Fetal alcohol syndrome (FAS), 16= ^ 
1J, 367-77, 380-81 

Jjber, 31, 35 

First Health and Nutrition Examina- 
tion Survey (HANES I), 3, 30 
5-methyitetrdnydrofoIate, 10 
Fleck, A., 299 

Fluid disturbances, caused by pan- 

ereatitisi 54 
Folate 

absorption, 9, 50, 207-18. 220= 
21,229-33,235 



assessment, 17 
binding, 9, 222 
bioavailability, 209 
circulation, 225 

concentration, 9-U, 203, 211, 
216-17, 220, 227, 372-73, 377 
deficiency, 9, 16, 36-37, 207, 
209-10, 218, 220, 237, 249, 
370, 377 
depletion, 50 
excretion, 216 
intake, 216, 218, 264 
metabolism, 209, 217-18, 221 = 

25, 372 
methylated, 9, 216 
storage, 9,218, 223, 225 
therapy, 221 
transport, 220 
See also Folic acid. 
Folate conjugase, 209, 211, 217-13 
Folic acid, 29. 37 
> absorption, 207 , 21 1, 217 
deficiency, 25-3, 371=73 
therapy, 208 
transport, 101 
Sea also Isolate, 
Food consumption patterns, 3,26- 
27, 29, 31-35, 55, 168-69, 
174-75 
Food intolerance, 158, 181 
caused by alcohol, 50, 53 
lactose, 158 
Formimino glutamic acid, B72 
5=Aminolevu!inic acid dehydratase, 
121 

4-Methyipyrazole 

and albumin synthesis, 306, 308 
and alcohol elimination, 357-58 
inhibitor of ADH, 1», 126, 
280-61, 341, 343-44, 357, 
361 t 
inhibitor of alcohol metabolism, 
295 

inhibitor of alcohol oxidation, 

3 05~-F, "3D97326T "3 1 1" " " 
inhibitor of n=ADH, 14, 347 
inhibitor of pyridoxal phosphate, 
260 

and urea synthesis, 306 
4 -Peiit^i pyrazole, 326 
14 01aheled pteroylheptaglutamate, 
218 

14C methyltetrahydrpfolate, 224 
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l4 C mechyketrahvdrufolic acid, 9, 
*I23 

Free enerfry change, 7>-7o 7;* 

Friedlander, K,, LSI 

Fritz, I B„ 272 " - 

Frog, 368 

Fructo kinase, 177 

Fructose, 7, 177-78*, 351 

Fuller, T.J., 182 

Fundic mucosa. See Mucosa, 

GMP iguanidine monophosphate), 
148 

Galactose, 16, 358, 360=62 

Gall bladder, 77, 81. 85 

7 - A m i n o - b u t y ri c acid, 292 

7-But.yrohetaine, 271, 281 

7 -Glut amy! transpeptidase (GGTP), 

12, 286 
Oandy, G , 372 
Gastric acid, 4, 103-4 
Gastric mucosa, S&e Mucosa, 
Gastric ulcer, See* Ulcer, 
Gastrin, 48, 104, 106-"T 
Gastritis, 48, 53 

Gastrointestinal tract, 47-54, 67- 
98, 103. 110, 169, 200, 245 
damage, 4 
disorders. 4 
hormone, 108 
See also specific organs. 
Genetics, 14, 133, 149, 154, 372 
* predisposition to alcoholism, 14 
337, 345 
See also Birth defects: Fetal al- 
cohol syndrome, 
Geophagia, 157, 164 
Gershoff, S.N,, 41 
Gibbon, 131 

Glomerular filtration rate, 170 
Glpmerulus, 169 
Giucagorf, 4, 104< 109-10 
Giucokinase, 177 

Gluconeogenics, 104, 316, 320, 

— « 322-23.-3&4^360- - 

Gluconeogenic en^fffes, 52-53 
Glucose, 52, 177-78, 180-81, 220 

absorption, 110, £08-9 * 

and diabetes, 181 

-glucose oxidase system, 353 

intolerance, 181 

reabsorption, 180 , 

synthesis, 13, 316-20, 361 



tolerancv, 27 , 54, lr>S 
Glutamate, 307 . 321-23 
Glutamic acid, 290-92 
Glut amine, 307 * 
Glutathione p^ro Midas*.*, 27 
Glycerol phosphate, 351 
Glycogen. 299 
Glycolysis, 177, l£i2 
Glycolytic enzymes, 52=53 
Glyasinv. 106-7 
Goldman, I.D., 229 
Gross, R.L.. 372 
Growth * 

failure, 5 

retardation, 157-58, 163, 17^, 

27 1, 367-69 
Sec also Birth defects; Dwr^fUm; 
Fetal alcohol syndrome. Ge- 
netics, 
Guanine, 146, 149 
Gut. 6 , 9-10, 53, 97, 170, 209, 215, 
523 

hormones, 4, 110 
Sec also specific hormont's. 
Gynecomastia, 383 

HANES I. 3, 30 
Haig, C„ 37 

Hair loss, 127, 158, 161 
Raised. C„ 36-37, 157 
Hangover, Sec Alcohol withdrawal. 
Haptoglobin, 163 

Heart, 8, 35. 159-60, 170, 182-83, ' 
295 

Hemoglobin, 29-30, 182 

Sec also Blood, 
Hemolysis, 7, 181-82 
Hepatic nucleotides, 4 
Hepatic redox, 360-63 
Hepatitis 

acute viral, 280 

alcoholic, 4, 40, 54, 56 

Sec also Cirrhosis; Fatty liver* 
Liver disease, progression, 

44e4mtospl^!iuinegaly — ~~ ~ 

Herbert, V. ? 221 
Hexobarbitai, 61 
Hibbard, B,M,, 372 
Hillman, R,S„ 222, 229, 233 
Mines, J.D,, 255, 264, 267 
Histidine, 121-23, 164, 301, 372 
Hormone, 17, 61, 71, J04, 108-9 

See also specific hormone. 
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Morse, IIS, llM. l25-2t>, 

"J3T , 343, 33 7 
Household Food Consumption Sur- 

• vey,29 
Huber, A.M.. 41 
Human studies 

AANB as test for alcoholism, 

287, 292 
alcohol dehydrogenase, 33S-47, 
352 

alcohol elimination, 15-17, 352= 

53, 355-56, 359 
alcohol metabolism, 328-20, 363 
alcohol oxidation, 257=58 
alcohol withdrawal, 185 
alcoholic liver disease- 11^12, 

37-41, 55-56, 66 
alcoholism; 37-41 
ealcjum concentration, 189-90 
carnitine deficiency, 271=30 
diet, nutritionally compared to 

animal, 33 
dlsaccharidase% 50-52* 218 
energy wastage, 4 
enzyme activity depressed, 52-53 
estrogen concentration * 388 
ethylene glycol poisoning, 125 
fetal alcohol syndrome* 368-73, 

380 

folate absorption* 207-9 

folate metabolism, 221-23 

folic acid, 371-72 

galactose elimination, 360 

glucose concentration, 52 

and horse ADH similarities, 125- 

27 f 
lactase activity, 50-51 
lactose tolerance, 50 
magnesium deficiency, 370 
magnesium metabolism, 165-67, 

170 

methanol poisoning, 125 
mineral metabolism, 8, 191-202 
NADH/NAD ratio, 360 
nutrient malabbu* ' p tion, 207 
nutrition and alcohol, 54-56, 66 
parenchymal cell changes, 215 
phosphorus deficiency, 178-80, 

185, 189-90 
n -ADH, 125-27, 341-47 
potassium concentration, 190 
pyridoxal kinase, 264 
respiratory alkalosis, 185 



su erase activity, 51 

vitamin A concentration, 29 

vitamin Bg concentration, 253- 

55, 257, 264 
vitamin D metabolism, 189^ 
zinc deficiency , 157=61,376 
See also Demographic character- 
istics; specific diseases and nu- 
trients. 
Hurley, L.S., 121, 127, 381 
Hydrocephalus, See Brain, birth 

defects^ 
Hydrogen, 65, 360 
Hydrolase, 121 

Hydroxyl group, 76-78, 81, 360 
Hypercalcemia, 170, 178 
Hypercalcinuria, 178, 180 
Hypercalcitonemia, 7 
Hyperestrogenization, 17, 383,385, 

387 . 1 
Hyperglucagonemia, 287 
Hyperglycemia, 110, 178 
Hyperinsulinism, 7, 287 
Hypermagnesemia, 169-70 
Hypermetaholic statfe, 61 

See also Metabolism. 
Hypertension, 54, 309 
Hyperthyroidism, 352 
Hyperventilation, 176, 185 
Hyperzincuria, 6, 37, 158, 164 
Hypoalbuminemia, 163, 272 
Hypoandrogenization, 17, 383 
Hypocalcemia, 163, 176, 179, 

189 

~ Hypocarnitinemia, 27 2, 274-77 , 
279-81 

Hypogonadism, 5-6, 157-58, 163, 
978 

Hypomagnesemia, 165-67, 169, 

175, 179, 189 
Hypoparathyroidism, 175 
Hypophosphatemia, 7, 173-74, 

176-79, 181-86, 190 
Hypophosphaturia, 176 
iiypoth^am ie ^irit^^-s ttp p r ess iOBF 

17,383 , - 

Deum, 49, 238 

See also Duodenmn; Gastroin^ 
test i rial tract; Intestine ; Je^ 
junutn; Small Intestine, 
Impotence, 383 
India, 66. 280 
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Infant mortality, 368, . 370, 374, 
380 

See also Fetai^aleohol syndrome. 
Infection, 42. 183 
Inosine, 177 
Insulin, 178, 181 
Intestine 

absorption, 50, S3, 37-98, 211 

amino acid transport, 207 

digestion, 50 

disaccharidaJ€ activity, 50, 53 
folate absorption, 9 
folate metabolism, 209, 217 
hydrolysis, 218 
lumen, 53, 244 
phosphorus absorption, 176 
thiamine, 10, 237-47 
transport, 67-69, 77, 81, 85, 

87,103=11,207 
uptake, 72 

vitamin absorption, 42 
vitamin B s absorption, 265 
See also Duodenum; Gastroin- 
testinaJ tract; Ileum; Jejunum; 
Small intestine, 
Intracellular alkalosis. See Alkalosis, 
Iran, 6, 35, 127, 157, 164 
Iron 

absorptionf4S, 164, 203 
concentration, 117, 134, 143, 
145 

deficiency, 29-30, 34-35, 157 

intake, 3, 29, 34, 42 

metabolism, 164 

supply. 5 
Irritability, 184, 369 

See ^ also Alcohol withdrawal, 
Isobutanol, 75 
Isobutyramide, 347 
I so critic dehydrogenase, 159 
Isornerase, 121 
Israel, Y '61 
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Jaundice, 272 
Jejunum 

absorption, 50, 110-11, 238 
chlorine level as cause of diarrhea, 

61, 53, 217 
disaccharidase activity, 51, 53, 
til 

secretion, 209 



sodium level as cause of diarrhea, 

207 - 
transport, 5, "245 
uptake, 209, 239-40 
waves in, 49 

See also Duodenum; Gastrointes- 
tinal tract; Ueum; Intestine; 
Small intestine. 
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Ketoacidosis, diabetic, 176, 190 
Ketogenesis, 281 
Ketosis, 281 

Kidney, 7, 158=61, 167, 169, 180, 

183, 189-90 
Krebs, H.A., 307 
Kulkosky, PJ , 328 ^ 
L-alanine, 5, liO-11 
LH (luteinizing hormone), 163 
Labadarios, D*, 264 
Lactaldehyde, 324 
Lactase, 50-51, 53, 211 
Lactate, 13, 222, 298, 316-20, 322, 

324, 326, 352, 360-61 
Lactate dehydrogenase', 324 
Lactation, 30 
Lactic acid, 351 

Lactic dehydrogenase (LDH), 159- 
60 

Lactobacillus cose/, 211, 222 
Lactose, 31, 50-51, 53, 158 
Lange, L.G., 124 
Lecithin, 15, 353 
Leevy, C, 42' 
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Lemoine, P., 368 

Lethargy, 157-58 _ 



Leucine, 12, 36, 286, 289-90, 301 

See also ArL ratio. 
Leukemia, 130 

Leukocytes, 7, 130, 181, 183 " 
Li, T - K.. 121, 124, 126, 328, 347 
Lichtman, M.A., 183 
Lieber, C.S., 39, 100, 123, 154, 
209, 215, 221, 244, 292, 347 
Ligament of Treitz, 50 
Ligase, 121 
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Uhdeman. R.D.. 161 % 
Lindenbaum, <L, Til 
Lipase* TO ' 
kipid, 55=56, 70, 73, 77, , 
* 134 

Lipid-protein matrix, 67 s 
Liposomes, 100 
• Liver 

AANB level, 12 
meetaldehyde, 268, 304-6 
albumin synthesis, 301-2 
alcohol administration, 109 
alcohol dehydrogenase, 13, 41, 
1 323-25, 331, 361-63 

alcohol effects, 4, 12. 47, 69, 
111, fflO, 212, 214, 225, 295, 
309 

alcohol' metabolism, 108 
amino acids, 289-92, 301 
carnitine synthesis, 11, 271 
collagen, 9 

damage, 9, 55. 66, 185, 286- 

87, 383 
disease. See LiveF disease, 
estrogen, 385, 387-88 
fat deposulcn, 9, 41, 56 
fatty acid oxi.iafcion, 360 
folate, 9-10, 217, 220, 223-24, 

229-33 
fructose, uptake, 177 
function, 36 
glueoneogenesis, 323, 360 
malate-aspartate shuttle, 321 
necrosis, 41 

and other gastrointestinal tissues, 
103-4 

oxygen consumption, 352 
ri-ADH, 14, 337-46 
pyridoxal phosphate concentra- 
tion, 11, 252, 258-63 
urea synthesis, 305-6, 323 
vitamin £> metabolism, 189 _ 
— — LuuumUaLiuu, 42, bb, 110, 
161 

Liver damage, 9, 40, So, 66, 178, 

■ 185,286-87,383 
Liver disease, 35, 185, 190, 268 

AANB level, 286 

acetaldehyde, 295 M 

assessment, 36, 286 

bile salt metabolism, 54 

calcium, 163 

carnitine deficiency, 11 



estrogen r 384 -85, 388 * 
glucose tolerance, 181 
hormone metabolism, 1j-' 
nutritional status, 11, 253 
phosphorus concentration, 178, 
185 

progression, 39-41, 54-56, 65-66 
pyridoxal phosphate, 255 
vitamin A, 38 
vitamin Bg, 264-65 
vitamin D, 175 , 
vitamin £,41 

zinc, 6, 37-38, 41-42, 65, 153, 
158-61 

See also Cirrhosis; Fatty liver; 
Hepatitis, 
Liver function, 4, 36 
Liver, fatty. See Fatty liver. 
Lowenstein, F.W.,. 29-30 
Lowry, O.H., 299 
Luminal toxins, 50 
Lyase, 121 v 
Lymphopenia, 158 
Lysine, 11, 271, 276-78, 292, 301, 
322 

Lysyl-oxidase, 164 

McFarlane, A S., 297 
McGuffin, 223 
MEOS (microsomal ethanol-oxidiz- 
ing system). See Microsomal eth- 
anol-oxidizing system. 
Magnesium (Mg), 5, 16-17, 37, 134, 
155, 165-71 
absorption, 7, 169-70, 194, 
197-98 

concentration, 166,^168-69, 180, 
184, 189, 192, 197, 200 

deficiency, 7, 141, 165, 167- 
68 170, 174-76, 370, 377 

excretion, 8-9, 167-70, 194, 

198 _______ 

— nHOTeTTSB 

metabolism, 7, 9, 148, 165-71 

mitochondria, 171 

source, 168-69 

therapy, 130 
Magnesium-bicarbonate ATPase, 

113 

Magnesuria, 170, 176 
Malabsorption, 4, 38, 47, 50, 158, 
211 

causes of, 54-55 
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Jactosev 53 
Malate. 323, 351 

See also Malate-aspartate shuttks 
Qxalo-aeetate=malate cycle, 
Malate-aspartate shuttle, 13, 31B, 
321-22 
See also Aspartate; Mai ate. 
Maiate pyruvate^ojcaloacetate cycle, 
351 

Maldigestion, 4 

Malic dehydrogenase (MDH), 159-60 
Malnutrition. 3-4, 47-48, 50, 54 = 
56, 65, 182 

primary, 3-4, 48 

protein, 65=66 

secondary, 3=4, 48 

See also Nutritional state. 
Mancini, G.. 29H 

Manganese (Mn) concentration, 5, 
37, 134, 141, 143, 145, 148 = 
49, 155 

Mannitol, 239 

Margin, S , 191 

Marquis, N.R., 272 

Matter, BJ., 175 

Megaloblastic erythropoiesis, -208, 
221 

Metjer, 317 

Membrane pofarity, 4, 73-81, 100 
Mental deficiency, 367=69 
Mental obtundation, 184-85 
Mental retardation, 129 

See also Birth defects. 
Ijtferte, W., 24 • 
Metabolism 

affected by alcohol, 198, 251 = 
65, 363 

~~ 67-98, 108, 114, 315-66 
amino acid, 285-314 
bile salt, 54 
carbohydrates, 185 
carnitine, 278 
cell, 171, 181, 315 
citric acid, 159 
* cytosol, 16, 309, 347 
B derangements, 184-86 
DNA, 148, 150 

folate, 209, 217-18, 221-25, 372 
hormone, 17 
Iron, l iq, 164 

magnesium, 7, 9, 148" 165-71 



mineral, S, 1 17-206 
nutrient, 5, 31, 38, 4 3 
pathways, 59-60. 161 
phosphate, 189 
phosphorus, 194 
protein, 12=13, 150, 285=314 
rates, 61 

vitamin, 207=84 « 
vitamin A, 38 

vitamin B 6 , 11, 251-65, 268 

vitamin D, 7, 179', 189 

zinc, 6, 38, 42, 118-19, 133. 
145, 152-53, 157-61, 376,381 
Metal. See Trace metal. 
MetaUobiochemistry, 121 
Metalloenzyme, 27, 145, 158 

See also Enzyme; specific en^ 
zymes, 
Metallothionine, 153 
Methanol, 125 

Methionine, 11, 271, 276-78, 301 
Methotrexate, 229 
Mcthylafcion, 225 
Methylene group, 76-78, 81 
MethyUetrahydrofolate, 9, 222, 

224 232 * 
Michaelis-Menten kinetics, 353 
Microcephaly, See Birth defects; 

Fetal alcohol syndrome. 
Micrognathia, 368, 370 

See'nlso Fetal alcohol syndrome. 
Microphthalmia, 358, 373 

See s/sL^Fetal alcohol syndrome. 
Microsomal enzyme, 56, 60-61, 351 

See also specific enzyme. 
Microsomal ethanol-oxidizing sys= = 
tern (MEGS), 4, 15, 56 JSO^jSi^--^ 

Microsomal pathway (li^er), 59-60 
Mineral, 5-9, 27 

absorption, 201 

assessment, 27 

intake, 29, 54 

metabolism, 8, 117-206 

See also Trace mirteral; specific 
mineral, * 
Mitchell, D,, 264 
Mitochondria 

j^TF synthesis, 113 

energy, 309 

fatty acid transport, 271 
injury, 9, 56, £11-12, 215 
loss, 267 ' 
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Mitochondria, cont. 
magnesium, 171 . 
maJate=aspartate shuttle, 316/ 
. 320=21 
oxidation, 351 
porphyrin synthesis, 268 
reoxidation,*320, 360-61 
zinc concentration^ 42, 16T." 
Mitotic activity, 53 
Molecular weight* effect on diffu- 
sion, 8 1=83 
Monkey, 9, 131, 210, 214, 218, 

220, 328 
Mdnohydroxy alcohol, 81 
Monorholecular diffusion, 70=83 
effect of membrane polarity, 
/ 73-77 
effect of solute interactions, 70= 
73 

effect of solutes with smaller 
molecular weights^ 81=83 
Morbidity, Increased by alcohol, 40, 

53, 127, 185 
Molt, C., 107 
Mouse, 131, 369, 371 
Mouth, 35 
Mucosa, 100 

fundic, 104-6 

gastric, 113-14, 164 
Mucosal barrier, 48 ^ 
Muscle ' ~ 

cell. 77, 85 

Tat concentration, 280 
' magnesium, 167-69 
necrosis, 184 
pain, 183 
' phosphorus, 7, 174, 178-79, 
183=84, 198 
potassium, 198 
pyridoxal phosphate, 252 
skeletal, 184/252 
^ weakness, 178-79 
. zinc, 161, 198 
Myoglobinuria, 183 
Myopathy, 7 
* alcohol iq, 175, 280 
electrochemical, 184 
fatty, 278 
neurological, 271 
phosphorus-deficient, 178=79 
subclinical, 184 
Myosin, 183 



N=ethyl maieimlde, 238 
Na*, 5, 60,110 

excretion, 8 % 
Na^K=dependent ATPase, 10, 207 
. Ns + K^ 61 
Na*K+ ATPase, 4, 10, 100, 243=46 

Activated ATPase, 352 
NAD, 350 

NAD + , 324, 328, 340, 347, 360 
NAD+/NAPH ratio, 15=16, 312, 
326 

NAPH, 60, 124, 316, 320, 322, 324, 
341, 350-52, 358, 360-62 

NADPH, 15, 60, 351-52, 360 

NADPH cytochrome c reductase, 
15, 353 

Nason, A,, 119 

National Academy of Sciences, 24 
National Council on Alcoholism, 

286 
Nausea, 35 

See also Vomiting. 
Necrosis,41, 174; 184, 190 
Neomycin, 54 

Nervous system, 4&, 166, 181, 278 
central, 166, 181, 184, 350, 
368-69, 376 — ^~ 
periphera! ,_lft L 

Ne^xaihrHrri 18 
^"^Neurological disease, 8, 35 

Neurospora crassa, 119 

New England Journal of Medicine, 
* 28, 152' 

Nickel concentration, 5, 134 4 

Night blindness, 6, 37=38, 152=53 

Nitrogen 

absorption, 2 17 i 
assessment, 65 
concentration, 213, 309 
excretion, 8, 198, 204, 212 

Noble, E./126, 154 
1 Non-ApH pathway, 14, 345, 349= 
■ 63 

Nucleic acid, 127, 131, 134, 148 

metabolism, 150 

synthesis, 16-17, 117, 121, 371, 
375=76 
Nucleotide, 134 
Numbness, 184 

Nutrient absorption, 38, 67* 191* 
210 * 
activation, 4 f 47 
availability. See Bioavailability, 
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Nutrient absorption, cent, 
catabolism, 47 
concentration, 253 
metabolism, 38 
storage, 47 
therapy, 7 
transport, 229 

utilization, 43, 47, 59 -GO, 158, 
264-65, 267' 
, $ee also specific nutrient. 
Nutritional deficiencies, 3, 16, 24= 

25, 2§, 30, 55, 65, ill, 170, 

178, 237* - 
changed by alcohol, ingestion, 

308, 331-32, 34f> ^ 
due to alcohol Ingestion, €6, 47 = 

43, 207, 222 
and fetal alcohol syndrome, 367 = 

77 

Nutritional history, 25-26, 39 / 
. Nutritional inadequacies, 3, 31, 35- 
37' - - 
Se& also Nutritional deficiencies; 
Nutritional state. 
Nutritional intake, 3-4, 7, 17, 29= 

35, 39-40.-42, 47-48, 54, 111, 

271 " 

See also Food consumption pat- 
terns* 

Nutritional quality. See Bioavail; 

ability. f 
Nutritional state, 287 

assessment, 3, 17. 25-27, 29=30, 
34, ¥6-38, 43, 54, 64-65 
' bi^c, 24-25 
conditioned, 3, 24-25, 29-30, 
36-38. 42-43 S 
- deficient (gross), 24, 29, 43, 65, 

272 ' 

marginal, 3, 24-25. 29-31, 33- 

36, 43, 65 

normal, 3, 27-29, 36, 274-76, 
384 

optimal, 24-25^ 29, 43 

See also Malnutrition, 
Nutritional surveys, 3, 24, 27-31, 34 
Nutritional wastage, 35 & 

Occupation, 41, 287 

See also Demographic character- 
istici. 
O'Connor, L,R„ 183 
'Olive oil, 77 



laO-PhenanthFoline, 14 1-44 
OP ( 1,10-phenanthroiiry?), 141 
Ofphenanthroiine, 347 
Ornithine, 290-92, 301-2, 307 
Ornithine decarboxylase, 264 
Osteogenesis, 37 1 " 
Osteomalacia, 7, 178-79, 189 
Osteoporosis, 189 
Ouabain, 61, 238, 243 
OxaJo-acetate^nalate cycle, 351 

See also Malate, 
Oxidation 3 
'aTcohoi, 11, 13=14, 41-42, 60, 

315-29 
fatty acid, 280-81, 360 
retinoid 4 1=42 * 
Oxidoreductase, 121 
O^gen, 182, 185 
assessment, 65 
consumption, 59; 61, 352 
released from hemoglobin, 182 
.uptake, 320 
s> * 

P-450 (cytochrome), 353 

pH, 103, 166, 168, 176, 182, 220, 
324, 3M 

PL?, See Pyridoxal phosphate. 

Pancreas, 4, 53-54, 103-4, 106-8, 
110, 113-14, 268 

Pancreatic ATP, 4 

Pancreatitis, 41, 54, 190 

Parakeratosis, 127, 158 

Parathormone, 176, 179, 189 

Parathyroid hormone, 178, 189 

Parenchyma, 211.215 

Paresthesias, 17%fl84-S5 

Paronychia,' 158 
\ Passive permeability coefficient, 87- 
70, 73-74. 76-77, 80-83, 87, 
8%=91, 97-98, 100-2 
Seemlso Diffusion barriers; Un- 
stirred water layer, i 

Patek, A.J., 37, 152 

Penacillamini therapy, 158 

Peptidase, 159 

Peptide 

absorption, 110 
accumulation, 134, 140 

Pequignot, O,, 40 

Perfusate, effects on absorption, 67, 
70-71, 73, 75, 80, 83, 92, 94, 
98 



404 



INDEX 



Permeability, 104, Hi. 159 

See also Passive permeability co- 
efficient. 

Phagocyte, 183 

Phosphatase, 159, 256 

Phosphate, 60, 134 

binding agents, 175, 178, 182=83 
deficiency, 7, 173-8* 5 
metabolism, 189 

Phosphaturia, 175-76 ^ 

Phosphodiesterase, 113 \ 

Phosphoenolpyruvate earhox^ kin- 
ase, 3 16 

Phosphofructokmase, 17 7 

Phosphoinositide, 183 

Phospholipid, 100 

Ph osph o mo noest erase, _V/ L 

Phosphorus 

absorption, 178, 19 1 -96 
concentration, 7, li3-<4, 

* 185, 192, 196, 200 
deficiency, 7-8, 174-75, V78-84, 

189 

excretion. 8, 194, 198 
intake, 7. 174, 198 
metabolism, 194 
.spurce, 177 

therapy . 7, 180, 184, 190 
wastage, 17 6 
Phosphorylation, 11, 108, 177 . 

* oxidative, 17 1 
potential, 61 

Fhetomyoelonus, 166 

Physical examination, 25-27 4 

Phytate, 35 

11 -alcohol dehydrogenase, 14-16, 

126, 337-47, ■ 
Pierce, H.I.. 267 * 
Pierson, Jr„,42, 161 

Pirola, IC, 39, 211 f 
Plapp, B.V., 324 
Polarity 

eell, 75, 77-81, 98 , 

membrane, 4, 73-77 
Polyamine, 12 ft 
Polyglutamate, 227 , 
Polyphosphate, 134 
Porphyrin synthesis, 121, 268 
Potassium . - , 

absorption, 193 

concentration, 169, 180, 184, 

192, 200 ' 
-dependent ATPase, 100-1 




excretion, 8, 192-93, 19$, 20 1 * 

therapy, 130, 190 
Potter; V.H.. 299 
Prasad, A S , J 27 
Pregnancy, 30, 133, 158 

See alMi Fetal alcohul syndrom** 
PrepHptid*, 12, 308 
Pro pa no 1, 353 
Propeptide, 12, 308 
Propidium diiodide, 135-30 
Protein. rM 

acetylatlon, 160 

assessment, 29, 143 

_ brain ,153 

Carrier, 71, 100-1 * 
concentration, 215, 297,, 299, 
■ 331 

deficiency, 30', 54, 56, 65-66, 
209, 285, 352, 357. 361-62 

efficiency ratio, 34 

intake, 11-12, 30, 33-34, 39, 
41-42, 157, 271-72, 276-77 

malnutrition, 65-66 

metabolism, 12-13, 150, 2S5K314 

polar, 100 

in RNA, 134 

secretion, 66, 107, 114 

supply, 5, 66, 134, 140 

synthesis, 12, 127, 131, 150, 
179, 295, 301, 303' 
Pteroylglutamic acid, 10, 222 
Pteroylmonoglutamate, 209 
Pteroylpolyglutamate, 217-18 
Purine^ 146-4J 
Putrescine, 30 1 

Pyrazole, 14, 4 24, 339-40, 343, 

345, 347, 352, 
Pyridoxai/255-56 . 
Pyridoxal kinase, 255, 264, 267 
Pyridoxal phosphate {PLP), .11, 

251-52, 254-65, 267-69 
indicator of Bh undernutrition, 

,11 

Pyridoxamine-P (PMF), 252 

Pyridoxic acid, 255 

Pyridoxine, 237, 252, 255-57, 260. 

267, 269 
See also Vitamin Eg* * * 

Pyrimidine, 146-47 
Pyrithiamine, 238-39 t 
Pyruvate, 13, 298, 316-17, 324, 

326,351-52,360-61 # 
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Quail, 387-88 
Quinolinate, 316-18, 320 



RDA, See Recomniended dietary al- 
lowance, 
RNA ' • 

binding, 154 

cellular content, 134, 146 
concentration, 149, 299, 303 
formation, 131 " 
inhibition, 303 
metabolism, 5, 133-50, 153 
polymerase, 5-6, 121, 130, 135, 
_.Ml-45,- .148, 154-55, 159 

* protein, 134 
separation, 145 
synthesis, 153, 159 

Rabbit, 107, 126, 295-309, 388 

Race. See Ethnic group. 

Rat 

AANB level, ,12 

acetaldehyde, 328 

acid excretion, 54 

alcohol consumption model, 286 

alcohol dehydrogenase, = 13, 126, 

- 263, 32&-26i 328-29, 331-32, 

337-38, 352, 355; 360-61 
alcohol intake maximized, 13- 

14, 55 

alcohol metabolism, 41-42, 316- 
18 

alcohol oxidation, 13, 41-42 

amino acid, 289-92 

carnitine synthesis, 27 1 . 

diet,- commercial compared to 
human, 33 * 

disaccharidise activity, 53 
* ; ; . estrogen, 17, 385, 388 
: > ■ fetal alcohol syndrome, 16, 370- 

folate, 10, 209, 223^ 229, 249 
folic acid, 371 ' v \ ' 

v.. iron, 164, . 

•'V liver necrosis, ,41 ' L.jT. 
magnesium, 166-68, 370 
maJate-as part ate shuttle, 321 T 

> MEOS, 15, 215 

KADH/NAD ratio, 360-61 
oxygen cbnsumpt ion , 59 - $ 61 , 
pancreatic secretion, 4 
phosphorus, 178 i 180 
. protein, 209 - 



pyridoxal phosphate, 259-60, 
263 

pyridoxine, 252 
small intestine, 49 
thiamine, 237-39, 249 
vitamin B 6 , 257 

zinc, 41, 159, 161, 164, 373-74 
Recommended dietary allowance, 

24, 29, 31, 198, 2 51, 276 
Reive, E,B., ^97 
Renal disease 

aminoaciduria, 180 

glycosuria, ISO 

tubular acidosis, ISO 
Resistance, electrical, 104-6 
Respiratory acidosis. See Acidosis, 
Respiratory alkalosis, See Alkalosis, 
Retinal reductase, 152-53 
Retinol, 29, 41-42 
Reverse transcriptase, 5, 121, 130j 
148, 159 

Rhabdomyolysis, 7, 179, 181, 183-84 

Riboflavin, 29-30 

Ri bo nuclease, 141, 158 

Ribonucleotide triphosphate, 6, 140 

Rickets, 180 

Ristic, V., 39 - 

Rodent, See Mouse; Rat, 

Rodrigo, C, 211 

Roth man, 8,8,, 107 

Roussow, J,E„ 264 

Rubin, E ; , 215 



S-adenyl methionine, 271 

SGOT (serum glutamate oxaloaee- 

F tate transaminase), 9, 36, 212^ 

Sacroplasmic reticulum, 179 

Schroeder, H,A„ 33 

Secretin, 4, 49, 104, 107-8, 110 

Secretion, acid, 48 • 

Seizures, 55-56, 166, 184 

See also Alcohol withdrawal. 
Selenium, 27, 41 

Senate Select Committee on Nutri- 
tion and Human Needs, 34 

Serine, 291 ^ O 

-Serum glutamate qxaloacet ate trans- 
aminase, 36 

Serum glutamic oxaloacetic trans- 
aminase, 9 v - .... 

Serum glutamic pyruvic transamin- 

- ase, 36 
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Sex, 17, 30 1 40-41, 178, 385, 387 
5<e a to Demographic eharaeter- 
i sties. 

Sexual function, inhibited by alco- 
hol, 393 
Shaw, S., 36 
Sheep, 370, 388 

Sickle cell anemia, came of line 

de ficiency. 158, 183 
Sinclair, H.M., 36 
Skeleton, S: , Bone, 
Skm, 157-58 
Small intestine 

*a amino acid transport, 207 
^ calcium absorption, 176 

damage, 48 

folic acid uptake, 37, 209 
function, 4, 37,53-54 
hormone release, 104, 108 
thiamine transport, 238-39 
transport, 103-4, 207 
Smith, B.K., 255 
Smith, D.W., 368 
s Smith, M., 337-38 
Smithelli, R.W., 372 
Sodium 

absorption, 50, 111, 193, 207-8 t 
concentration, 170, 183, 192, 
200 

excretion, 192-93^ 

intake, 170 t 

secretion, 209 

therapy, 130 

transport, 110-11 
Sodium arsenate, 229 
Sodium azide, 10, 229 f 232-33 
Sodium chloride, 209 
Solute absorption, 67-70 

affected by .molecular weigjit, 
81-83 

Sec also Absorption rate. 
Solute concentration 

effect on tissue uptake, 98 
effect on transport, 70, 72-73, 
r 91 

Solute interaction, 4, 70-73 ^ 
Solute transport,, 67 -69, 71, 83-97 
effect of temperature, 89-91 
. : „ . Resistance, 70, 83, 85-89, 91-95, 
97 

reversible, 70 
stirring, 239 

See also Diffusion barrierr, Pas- 



sive permeability coefficient; 

Unstirred water layer, 
Solvents 
^ ^nonpolar, 77 
' polar, 75-76, 79 
See also Membrane polarity. 
Space of P!sse*, 9. 212 
Spermatogenesis, 17, 159, 383 
Spermidine, 301 
Spermine, 301-4, 307-8 
Stearic acid, 97 
Steatorrhea. See Fat, fecal. 
Sterility, 42, 383 
Steroid, 60,^1,81, 384 
Steroidogenesis, 159 
Sterol, 77, 81 

Stomach, 4, 48, 103-6, 113, 200 

Straus, E. f 108 

Streptococcus /oecslis, 211 

Sucrase, 51, 211 

Sulfur assessment, 65 

Sweden, 376 

Swick,R,W^297 

Swine, 127 

Syndactyly, 37 0-7 X, 373 

See alio Birtrr defects; Fetal 
alcohol syndrome. 
Synthetase, 154 

See also Ligase. t 



Taurine, 292 
Temperature 

effect on ADH activity, 338 

effect on transport, 89-91, . 100, 
239, 324 
Testis, 17, 42, 65, 169, 383 
Testosterone, 17, 383 
Thaler, H„ 40 
Theoreil, H., 350 s ■■ 
TlieQrell-Chance mechanism, 124 
Thiamine c 

absorption, 50, 207, 209, 237-47 

binding, 11,246 

concentration, 11, 239-42 

deficiency, 237, 253 

excretion, 246 

intake, 264 „ 

storage, 237 

transport, 1Qt*X. 238-39, 243- 
45, 249 \ 
Thiamine pyrophosphate,* 10, 237, 
244 
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3 H-J ab el ed pteroy 1 monogl u tamy I 

folate ( 3 H-PG-l) t 207-9, 211, 

216-18 
3H-uridine, 5, 134, 140 
3 H pteroyl-glutamic acid, 9, 223- 

24 

3^methyIglueose, 5, 110-11 
Throat, 35 

Thrombocytopenia, 183 
Thymidine, 375, 380-31 
Thymidine kinase, 159, 378 
Thyroid hormone, 81 
Thyrotoxicosis, 361 
Thyroxine, 3S2 
Toxins, luminal, 50 
Trace element, 3 

4 deficiency. 3 
intake, 3, 31 
sources, 33-35 

See also specific trace element, 
Trace metal, 134-35, 143-45 fe 

assessment, 84 

Semalso specific trace metal. 
Trace mineral, 33 

See also specific trace mineral. 
Transaminase, 267 
Transf erase, 121 e j$ 
Transfer in, 163 
Transport 

active, 4, 10, 100-1, 104-5, 
110-11/239,245 

amino acid, 207, 229 

bile acid, 229 

effect of alcohol, 97-98, 103-11 
effect of finite number of sites, 

69, 91-96 
effect of infinite number of sites, 

67-83 
effect of pH, 101-2 
effeft of solute concentration* 

67-69 

effect ©f temperature, 89-91 

folic acid, 101 

gut ,4 
, intestinal, 10 
- nutrient, 47, 229 

passive, 4, 10* 67-69, 91, 110, 
239, 245 
. rates, 94-97, 101 

resistance, 70, 83; 85-88 

solutes, 67-69, 239 

thiamine, 10-11, 238-39, 243- 
45, 249 



Travu, S.F., 185 
Tremors ,^5 6 

See also Alcohol withdrawal. 
Tricarboxylic acid cycle, 360 
/Triglyceride, 56, 75, 77, 215, 222, 
351 

Trimethyllysine, 271, 281 
Tryptophan, 301, 316-18 
2,3-diphosphoglycerate, 182-83, 



185 ; — . . _ . 

Tygstrup, N., 362 

XJMP (uridine monophosphate), 
148-49 

U,8. Department of Agriculture, 

27, 29, 33 
U.S. Public Health Service, 27 
Uganda, 161 
Ulcer, 48, 53 

Unstirred water layer, 4, 83, 85-87, 
89, 91, 98, 101-2, 220, 239 
See also Diffusion barriers; Pas- 
sive permeability coefficient. 
Uracil, 146, 149 
Urea 

cycle, 302 
. synthesis, 12, 297-98, 300-1, 
303-9, 323 - 
Uremia, 182 
Urinary excretion ; 

altered in patients with alcoholic 

liver disease, 38 
calcium, 178, 193-95 
carnitine, 276-79 
creatinine, 198 
folate, 216-17 

formirninoglutamic acid, 372 
increased, 160 5 
magnesium, 167 M 169-70, 194, 

197 ' : . 

nitrogen, 198, 204 
phosphorus, 194, 196, 198 
potassium, 192-93, 198, 204 
sodium, 192-93 
thiamine, 245 
vitamin Bg, 269 
line, 199 

Valine, 301 

Vallee, B,L„ 160, 337, 381 
Van Theil, D.H., 44 
Vasopressin, 246- 
Veech, R.L. 331, 333 
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van, 50, 98 

Villus cell, 53 

Vitamin, 3, 27, 31, 34 , 54 

deficiency, 3, 42 

metabolism, 9-12, 207-84 

therapy, 42 

See also specific vitamin. 
Vitamin A 

assessment, 29 * 

Hg(Wnry, 23^30. 38, 42, 152 

intake, 3, 38 

metabolism, 38 

source, 32 

therapy, 152-53 
Vitamin M\ , See Thiamine, 
Vitamin B 6 , 29 

absorption, 265 

assessment, 11, 252 

binding, 11, 262-64 

bioavailability, 265 

concentration, 11* 252, 257-58 
* deficiency, 11, 251, 253, 261, 
264-65, 268 

excretion, 259 

intake, 251,255,264 

metabolism, 11, 251-65, 268 

storage, 11, 264-65 

therapy, 251 

See also Animal studies; Fyri- 
doxine, 
Vitamin Big, 29 

absorption, 50, 207 
Vitamin C, 29-30 
Vitamin D, 32 

metabolism, 7S 179, 189 

therapy, 180, 189 
Vitamin D 3 , 175, 178-79 
Vitamin.E, 29, 32,41 
Vitamin K, 32 
- Vomiting, 7, 35, 175 - • • 

See also Alcohol withdrawal. 



Wagner, C. f 224 
Wang, J , 42,161 



Water 

absorption, 50 

output, 4 
Weight, 35, 39-40, 59, 211, 217, 
368, 374, 380 

loss, 4, 64, 184 
Wolf, W.R., 34 
Women, 367 

See also Se£ s 
Wound healing, 27, 158 

Xylose absorption, 50 

* Yuniee, A.A,, 161 

Zinc, 27, 31-33, 64, 133-50 
absorption, 64 
assessment, 6, 17, 118 
binding, 121-23, 160, 163-64, 
347 

biochemistry, 5, 64-65, 117-31, 
133, 145-47, 150, 153, 158- 
59, 350 

concentration, 117, 134-40, 
143-45, 147-48, 157, 159-61, 
163, 192, 343, 374, 381 

deficiency, 5-6, 18-17, 35, 87, 
41-42, 65, 118-19, 126-30, 
133-34, 136-39, 145-50, 152, 
154-55^ 157-59, 161, 163-64, 
370, 373-77, 380-81 
e depletion, 16-17 

deprivation, 134 

enzyme, 118-26 

excretion, 8, 119, 160, 164, 

198-99 
intake, 3, 5, 65, 143 
metabolism, 6, 38, 42, 118-19, 
■ 133, 145,. 152-53; 157-61, 

376, 381 
metalloenzy me, 158-59 - — .— 
muscle, 161, 198 
therapy, 5-6, 31, 119, 125, 127 -* 

30, 152, 155, 158, 161, 164, 

375-76 
transport, 64 
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